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Abstract 
 
Super-hydrophobic organic contaminants (SHOCs, log KOW>6) have extremely poor water 
solubility and a relative high affinity for organic matter. Representatives of this group, such 
as polychlorinated dibenzo-p-dioxins (PCDDs), polychlorinated biphenyls (PCBs), 
brominated flame retardants, and various pesticides, are hazardous to the environment and 
human health. Due to their physico-chemical properties, SHOCs are generally considered 
immobile in the subsurface. However, their vertical transport in soil can be facilitated by 
mobile species such as surfactants and humic acids (HAs), (on)to which SHOCs can sorb. 
Via such facilitators, SHOCs can be solubilised in water and transported through the soil 
column, causing unexpected groundwater contamination or offsite transport. Although 
facilitated transport (FT) is a recognised mechanism, its extent and significance in the 
environment remains poorly understood, and available information is inadequate to assess, 
and if necessary, manage risks associated with FT. The SHOC mobility under FT is largely 
driven by their partitioning behaviour between soil, water and mixture of dissolved 
facilitators. These processes are difficult to quantify for SHOCs, due to experimental 
challenges associated with measuring concentrations of highly hydrophobic compounds in 
dissolved phases. Therefore, the aim of this PhD project was to develop and validate reliable 
methods to experimentally determine equilibrium SHOC partition constants for facilitators in 
aqueous solutions, and also quantify SHOC partitioning to mixed facilitator systems.  
 
A novel method to determine partition constants for contaminants between water and 
dissolved phases involves dosing polymers (e.g. polydimethylsiloxane, PDMS) as a third 
phase using a mass balance approach. However, this methodology requires reliable PDMS-
water partition constants (KPDMSw), which are scarce for SHOCs. Chapter 2 introduces a 
new, rapid and robust method to estimate KPDMSw data and activity coefficients in PDMS. 
Direct measurements of PDMS solubilities (SPDMS) for solid contaminants, were combined 
with literature thermodynamic properties to quantify KPDMSw. Solubility-derived KPDMSw values 
increased linearly with contaminant hydrophobicity, consistent with previously reported 
trends for less hydrophobic compounds. Furthermore, the subcooled liquid SPDMS were 
found to be approximately constant for congeners of SHOCs, allowing predictions of KPDMSw 
and SPDMS for compounds that exist as solids under environmental conditions across an 
entire chemical class based on experimental data from a representative congener. 
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In Chapter 3, the passive dosing approach was adapted and validated for SHOCs in order 
to measure water-dissolved phase partition constants. Precisely loaded SHOC masses in 
the PDMS are a key requirement for robust data, which was achieved by refining a swelling-
based polymer loading technique introduced (Chapter 2). Optimising the experimental 
system significantly reduced equilibration times, and the modified approach was applied to 
derive partition constants of PCBs and PCDDs between water and the monomers (KMO) and 
micelles (KMI) of a model surfactant (sodium dodecyl sulfate). Log KMI data ranged from 5.2 
to 7.0 for PCDDs and 6.6 to 7.5 for PCBs, and showed a linear relationship with 
hydrophobicity, consistent with trends derived from previous data for moderately 
hydrophobic compounds. The apparent solubility enhancement factors, derived from these 
partition constants, were highest with micelles. However, the results also indicated that 
considerable apparent solubility enhancement can occur in monomer-containing solutions. 
For example, the apparent solubility of OCDD was increased by up to 200 times in the 
presence of monomers. Their pseudo-persistence in many soils, may therefore play a 
previously unrecognised role in the effective long-term FT of SHOC in the subsurface.  
 
Surfactants and other facilitators that SHOCs can partition to are commonly present as 
mixtures in field soils. These mixtures have different physico-chemical properties compared 
to the individual constituents, affecting SHOC partitioning and thus the potential for FT. 
Therefore, the behaviour of each constituent in surfactant mixtures (Chapter 4) and 
surfactant-HA mixtures (Chapter 5) mixtures was investigated, and their influence on SHOC 
partitioning was assessed. Using polyacrylate polymer-based partitioning techniques, the 
critical micelle concentrations (CMCs) of individual surfactants dissolved in a model anionic-
nonionic mixture could be determined for the first time. The mixture CMCs were found to be 
lower than the CMCs of the individual constituents. This means that micelles, which have 
high sorptive capacity for SHOCs (Chapter 3), formed at lower concentrations in such 
mixtures. No synergistic partitioning behaviour was observed for SHOCs in mixed micelles. 
In mixtures with HA, a small increase of the CMC was observed, presumably due to 
monomer-HA complexation. Importantly, apparent SHOC solubility was additive in 
surfactant-HA mixtures, highlighting the importance of considering mixtures of different 
facilitators that may be present in soils, rather than single constituents only.  
 
In conclusion, these data show that surfactants and their mixtures, even when present at 
relatively low pseudo-persistent concentrations, may be potent facilitators of hydrophobic 
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contaminant transport. Considering the ubiquitous use of a wide range of surfactants and 
the presence of natural facilitators in soils, consideration of FT contamination pathways is 
warranted. The techniques developed in this PhD offer suitable and robust approaches to 
further advance understanding of the extent and significance of FT for the protection of 
groundwater resources.  
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Chapter 1: Introduction and objectives 
Soil is a complex matrix that interfaces with other environmental compartments 
(Schwarzenbach et al., 2005) and its contamination can result in direct propagation of 
hazardous chemicals to surface and ground waters (Fent, 2003). Soil contamination may be 
due to chemical releases into the environment as a result of their manufacture, processing 
and intentional use (Hemond and Fechner, 2014), releases as unintentional by-products or 
during accidents (spills, leaks, and leaking underground storage tanks) (Signorini et al., 
2000; Lee et al., 2002; Kiem et al., 2003). Once released, soil acts as a storage media for 
persistent chemicals, and a long-term secondary source of environmental contamination. 
Contaminants that are persistent, bioaccumulative and toxic are of particular concern as 
they can be transported away from their point of release and accumulate in vulnerable 
receptors such as humans and wildlife where they can elicit toxic effects (Jones and de 
Voogt, 1999). The transport processes of such chemicals determine exposure pathways 
and are therefore essential to evaluating associated risks (Vallack et al., 1998). For example, 
contaminants that can leach through soils have the potential to reach underlying aquifers 
and be transported with groundwater to sensitive receiving environments that hold drinking 
water resources, as well as wetlands, lakes and ultimately, the marine system. If these 
transport processes are understood and the underlying parameters that drive these 
processes can be quantified, then simulation tools can be developed and applied to predict 
where and to what extent contaminant transport may be occurring in the environment.  
 
1.1 Super-hydrophobic organic contaminants in the environment  
Super-hydrophobic organic contaminants (SHOCs) are a class of persistent, 
bioaccumulative and toxic contaminants, characterised by very low water solubility and high 
hydrophobicity (octanol-water partition constants (KOW) > 106). Examples include 
polychlorinated dibenzo-p-dioxins (PCDDs), polychlorinated biphenyls (PCBs), 
polybrominated diphenyl ethers (PBDEs), polychlorinated paraffins (CPs), and some 
pesticides (e.g. DDT, bifenthrin). Due to concern for human and environmental health, a 
wide range of SHOCs have been listed in Annexes under the Stockholm convention with 
the aim of reducing or eliminating emissions and hence environmental levels. Although 
many SHOCs have been banned from further use, some continue to be released as 
unintentional by-products (e.g. PCDDs) while others continue to find application in numerous 
products (e.g. PBDEs, CPs). Due to their persistence, both currently used and legacy 
compounds have become ubiquitous in urban, industrial and/or agricultural environments 
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(Safe, 1990; Lavric et al., 2004; Rifai et al., 2013). For instance, in agricultural regions, 
various SHOCs are potentially released to soils through pesticide applications, either as the 
active ingredient or as impurities in the formulation. Several studies have reported currently 
used pesticides with substantial PCDD and PCDF contamination with levels up to 2,000 ng 
ΣPCDD/F g-1 (Masunaga et al., 2001; Holt et al., 2010; Huang et al., 2015). 
In the environment, SHOCs occur as complex mixtures often comprising members of 
various compound groups. However, some congeners may dominate the overall profile. In 
Queensland, Australia, the PCDD profile in environmental matrices is characterised by a 
dominance of one of the most hydrophobic SHOCs, octachlorinated dibenzo-p-dioxin 
(OCDD, log KOW 8.3) (Gaus et al., 2002). Due to their physico-chemical properties, SHOCs 
such as OCDD, are expected to strongly sorb to organic matter. As a consequence, they 
are expected to sorb to the top 5-10 cm of soil and are generally considered immobile. 
SHOCs are, therefore, typically not monitored for in regard to groundwater protection. 
However, several field studies have reported unexpectedly high levels of SHOCs in deep 
soil layers as well as groundwater. For example, soils in Queensland sugarcane fields 
showed elevated PCDD levels to several metres depth (Prange et al., 2002; Grant et al., 
2011b; Grant et al., 2015). Various theories to explain these unexpected findings have been 
proposed. The most recognized hypothesis is that SHOCs may be transported by mobile 
facilitators (de Jonge et al., 2004), (on)to which the contaminants can sorb and be 
transported in soil-water. This transport process is referred to as convective co-transport, 
and has been long recognised as an important mechanism for contaminant transport in the 
vadose zone (Gilbert et al., 2014). At the microscale, e.g. in boundary layers around soil 
particles where diffusion is the primary mechanism, diffusive co-transport can also occur 
where the facilitator and bound contaminants diffuse together. In this instance, due to 
differences in size, the diffusive velocities of unbound contaminants are higher than those 
of facilitator bound contaminants (Gilbert et al., 2014). At the macroscale, however, 
convective co-transport is the primary transport process. Different types of facilitators are 
naturally occurring in soils, such as humic and fulvic acids, but any colloidal particle 
introduced to soil that can sorb contaminants and is mobile in soil-water may be a possible 
facilitator (Kretzschmar et al., 1999). The latter includes surfactants, which are commonly 
used at agricultural sites in pesticide formulations and irrigation water, and have been 
identified as potent facilitators of SHOC transport  (Gezer and Karagunduz, 2011; Grant et 
al., 2011a).  
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1.2 Surfactants 
Surfactants (surface active agents) are a diverse group of economically important 
chemicals. They are widely used in a range of products including detergents, emulsifier, 
dispersants and wetting agents. Their worldwide production in 2007 was 13 million tonnes, 
mainly comprising anionic (40% of world production) and nonionic types (35% of world 
production) (Rust and Wildes, 2008). Agricultural products contribute 4% of the surfactant 
market in the US (of which 60% was used in herbicides and 40% in insecticides and 
fungicides) (de Wilde et al., 2008). A large proportion of such products is directly released 
onto soils. Due to increasing pressure on global food production, as well as changing 
farming practices and technologies, there is an increasing demand for agrochemicals. This 
is reflected in the increasing use of surfactants in the agricultural sector. The agricultural 
adjuvants market is projected to grow at a compound annual growth rate of 5.8% from 2015, 
to reach a projected value of US$ 3.51 Billion by 2021 (marketsandmarkets.com). In addition 
to the use of agrochemicals, common indirect routes of surfactant release to the 
environment are associated with the use of irrigation wetters, wastewater and sewage 
sludge application, remediation of chemical spills and leaching from landfills (Scott and 
Jones, 2000).  
Hydrocarbon chain surfactants, regardless of their charge, are under most conditions 
biodegradable in the range of days, for example the reported half-life of linear alkylbenzene 
sulfonate (LAS) has been reported between 7 and 30 days in agricultural soils where aerobic 
processes can take place. Therefore, generally the surfactant concentration in soil or 
groundwater is relatively low. However,  
For pesticide and other agricultural applications, surfactants are typically used as mixtures 
of two or more types that have different physico-chemical properties. Furthermore, 
surfactants introduced to the environment from sewage sludge or irrigation water that may 
be applied to agricultural soils contain a wide range of different types of surfactants (Ying, 
2006; Schowanek et al., 2007). Generally, surfactants degrade relatively rapidly with half-
lives in the order of days. However, aerobic conditions as well as temperatures may 
considerably affect the degradation half-life (Ahel et al., 1996; Ying, 2006) and some may 
persist for months to years. Despite being ubiquitous in the environment, most surfactants 
(and their metabolites which can be more persistent than the parent compound) are typically 
not monitored in groundwater (Ying, 2006; Schowanek et al., 2007) and data are scarce 
(Ahel et al., 1996; Ghose et al., 2009). Where reported, surfactants in groundwater are 
generally at lower concentrations than in surface waters. The exceptions are perfluorinated 
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surfactants which have extremely long half lives in the environment (in the order of centuries 
(Scheringer et al., 2014; Cousins et al., 2016)); they have been reported at elevated levels 
in groundwater following point releases, e.g. at firefighting sites. For non-fluorinated 
surfactants, repeated and frequent surfactant applications, which are characteristic of 
agricultural use, can result in pseudo persistence at part per million levels in soils (Andreu 
et al., 2007). Furthermore, microorganisms in the soil environment such as bacteria and 
yeast can produce biosurfactants from various substrates including sugars, oil, alkanes and 
waste (Lin, 1996). In particular rhamnolipids have been shown to have surface-active 
properties and are commonly available in natural soils (Mulligan et al., 2001).  
Individual surfactant molecules have a characteristic amphiphilic structure with a 
hydrophobic moiety (generally a hydrocarbon chain) and a  hydrophilic head group. 
Depending on the nature of the head group, they are classified into anionic, nonionic, 
cationic and amphoteric surfactants (Figure 1.1A). Among surfactants, linear alkylbenzene 
sulfonates (LAS) are produced in the largest quantities worldwide (and are the most 
commonly employed surfactant in laundry detergents). However, they are also found in 
many agrochemical formulations as an adjuvant. Ethoxylated surfactants (nonionic, e.g. Brij) 
are effective at increasing the uptake of herbicides into plants, and are compatible with most 
herbicides as they are uncharged (Castro et al., 2014). Therefore, these types of nonionic 
and anionic surfactants are likely to be present in relatively high quantities in the 
environment (Venkatesan and Halden, 2013; Luo et al., 2014).   
At a certain surfactant specific concentration, the critical micelle concentration (CMC), 
surfactant monomers start clustering together into micelles that comprise a shielded, 
hydrophobic core and a hydrophilic surface (Figure 1.1B). Thus, micelles and monomers 
exist in a dynamic equilibrium, and are freely dissolved in water while providing a 
hydrophobic partitioning medium for SHOCs (Paria, 2008).  
 
Figure 1.1: Surfactant monomers with different head groups (left) and nonionic surfactant 
monomers aggregated into a micelle after the CMC.  
_
+
+_
carbon chain
nonionic
anionic
cationic
amphoteric 
micelle
(B) (A) 
Page 19 of 196 
 
Temperature, pH, salinity, and hardness conditions prevailing in environmental systems 
influence aspects of individual surfactant behaviour such as the CMC, soil sorption, cloud 
points, and Krafft points (Scamehorn, 1986; Galán-Jiménez et al., 2015). However, mixtures 
of different types of surfactants have been found to be more stable under a wider range of 
environmental conditions than individual types. Mixtures are characterised by decreased 
soil sorption, lower CMCs, and enhanced contaminant solubility (Zhou and Zhu, 2004). 
The different behaviour of surfactant mixtures compared to their individual components is 
well recognised. To date, efforts to predict surfactant mixture behaviour have mainly focused 
on the effects on CMCs. Such studies have used physico-chemical properties of the 
individual surfactants as part of various thermodynamic predictions (Sarmoria et al., 1992; 
Mehling et al., 2012; Iyer and Blankschtein, 2014). It is commonly accepted that surfactant 
mixtures can result in the formation of mixed micelles, whereby each micelle is comprised 
of monomers from different surfactant types. In general, for different types of surfactants (as 
denoted by different head groups), a decrease in CMC is observed in the mixtures compared 
to either of their individual surfactant components. This phenomenon has been described 
by Rubingh (1979) and Holland and Rubingh (1983) as non-ideal mixing. In contrast, 
mixtures of surfactants from the same type (e.g. same head group), but with different 
hydrocarbon chain length or branching are considered to exhibit ideal mixing behaviour 
(Clint, 1975). The latter is characterized by a CMC between the CMCs of the individual 
surfactants.  
 
1.3 Humic acid and surfactant-humic acid mixtures  
It is generally accepted that part of the soil solid phase is mobile in soil-water, and that 
organic and inorganic colloidal soil particles may either facilitate or retard contaminant 
transport (Hussein and Ismail, 2012; Wu et al., 2015). Organic matter, including humin (the 
insoluble fraction of humic substances), humic acid (HA; the fraction soluble under alkaline 
conditions but not highly acidic conditions) and fulvic acid (the fraction soluble under all pH 
conditions), is ubiquitous in the soil environment. Dissolved organic matter (DOM) including 
HAs has been identified as among the most significant facilitators in colloidal transport 
processes of contaminants (Chiou et al., 1986; Weber et al., 1992; Huang, 1997; Kilduff and 
Wigton, 1999). This is based on the assumption that colloids need to be present and remain 
in suspension in sufficient quantity to allow significant contaminant sorption (Kretzschmar et 
al., 1999). Unlike surfactants, whose concentrations depend on the application cycle, 
degradation of colloids is typically not a consideration. Therefore, DOM, including HAs have 
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been reported to be present throughout the soil column as well as in groundwater (Artinger 
et al., 2000). 
Humic acids are a major fraction of soil organic matter and consist of a large variety of 
organic molecules without readily identifiable structures (Sutton and Sposito, 2005). They 
are derived from any organic materials, including plant and animal debris, microfauna, 
biowastes etc. (Adani et al., 2010; Wu et al., 2010). This heterogeneous group of 
macromolecules have been described as long-chain amphiphilic molecules with varying 
elemental composition, chemical functionality, and molecular size distribution, and can 
easily be transported in soil-water. As a result of the amphiphilic character and versatility of 
HA, it is known to significantly affect the behaviour of some pollutants in natural 
environments via solubilisation and adsorption of hydrophobic contaminants (Chiou et al., 
1986; Weber et al., 1992; Huang, 1997; Kilduff and Wigton, 1999; Hussein and Ismail, 2012; 
Wu et al., 2015).  
HAs reduce the surface tension of water and also form clusters or aggregates linked by 
hydrogen bonds and hydrophobic interactions. These clusters resemble the micellar 
structures of surfactants (Guetzloff and Rice, 1994; Sutton and Sposito, 2005). The 
aggregate formations of HAs have been attributed to the dissociation of all of the carboxyl 
acid functional groups around neutral pH (Terashima et al., 2004). Furthermore, the 
aggregation threshold or “CMC” as well as other surfactant-like properties of HAs are 
dependent on the composition and formation processes of the raw material (Quadri et al., 
2008). CMCs of HAs vary widely, with ranges that are considerably larger than those of 
synthetic surfactants (Guetzloff and Rice, 1994; Quagliotto et al., 2006). As HA molecules 
are quite large and the polar groups are arranged randomly in their molecular structure, a 
loose, not compact structure is thought to exist, rather like a regular micelle with a small 
aggregation number (Wu et al., 2010).  
HAs and surfactants are both present as mixtures in soils and their interaction is likely. 
However, the impacts on the SHOC mobility of such mixtures is poorly understood on a 
mechanistic level. It is commonly accepted that the interaction between surfactants and HA 
strongly depends on the surfactant and HA type, especially on the charge of the interacting 
species. For example, Otto et al. (2003) found that the interaction of a strong negatively 
charged HA with an anionic surfactant showed relatively weak interactions, as the electric 
repulsions outweighed the hydrophobic interactions. In contrast, a more hydrophobic and 
less highly charged HA had relatively strong interactions with the surfactant below and 
above the surfactant’s CMC. Other studies, however, have not found an interaction between 
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either anionic or nonionic surfactants and HA (Koopal et al., 2004). Cationic surfactants and 
HA are very likely to form mixed aggregates though due to their electrostatic and 
hydrophobic attractions (Koopal et al., 2004).  
 
1.4 Facilitated transport of SHOCs 
In the area of soil remediation, surfactants are intentionally released to desorb hydrophobic 
contaminants such as polycyclic aromatic hydrocarbons (PAHs) from soil (Zhou and Rhue, 
2000; Zhou and Zhu, 2007; Wei et al., 2015; Liang et al., 2016). Surfactants are introduced 
through the subsurface at relatively high concentrations, far above the CMC, and pumped 
to the soil surface together with desorbed contaminants. This innovative application of 
surfactants provides an indication of the high capacity of surfactants to transport SHOCs in 
field soils, and a large number of laboratory studies have been undertaken in recent decades 
to optimise this technology (Laha et al., 2009; Ghazali et al., 2010). However, the release of 
the high quantities of manufactured surfactants required for this remediation technique are 
of concern due to their potential hazard to ecosystems. Improved remediation strategies for 
spills employ surfactant mixtures, which have been found to result in less surfactant losses 
to soil and increased solubilisation capacity compared to individual surfactant systems, and 
thus also allow a significant reduction in costs. The ideal surfactant mixture composition, 
which would offer the highest clean-up efficiency using the lowest possible surfactant 
quantities, is however, still a subject of active research.  
In addition to surfactant mixtures, HAs, which can be considered as natural surfactants 
(Conte et al. 2005, Adani et al. 2010), have also been investigated as alternatives for soil 
remediation purposes (Conte et al., 2005; Quagliotto et al., 2006). HAs have been reported 
to have a similar efficiency for soil washing as synthetic surfactants (Conte et al., 2005) as 
well as the ability to reduce contaminant interaction with solid soil components (Cao et al., 
2008). Humic substances (Mulligan, 2009) as well as biosurfactants (Mulligan, 2009), may 
therefore serve as good alternatives for remediation of contaminants (Chiou et al., 1986; ter 
Laak et al., 2009). The interaction of contaminants with HAs is, however, strongly correlated 
with the composition of dissolved organic carbon (DOC), e.g. molecular weight, H/C and 
O/C atomic ratios (Marschner et al., 2005). Hence, contaminant solubilisation enhancement 
depends strongly on the type of HAs used (Quadri et al., 2008). 
In soils with high HA content, or where surfactants are being released to soils for other, non-
remediation purposes, unintentional facilitated transport (FT) of SHOCs may also be 
occurring. Despite the known and ubiquitous releases of surfactants at agricultural and other 
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sites, the extent and significance of unintentional FT in the environment is still poorly 
understood. No field and few laboratory soil column leaching studies have investigated the 
enhanced mobility of SHOCs with surfactants and other colloids in soils (Schramm et al., 
1995a; Schramm et al., 1995b; Sakai et al., 1998, 2000; Osako and Kim, 2004; Hsi and Yu, 
2007; Yasuhara and Katami, 2007). Consequently, there is a need for empirical studies to 
quantify the parameters driving FT for SHOCs. In particular, sorption isotherms and related 
parameters for the partitioning of SHOCs to surfactant micelles, monomers and monomers 
sorbed to soil (admicelles) are currently unknown. This is the case for most SHOCs, with 
available data being limited to a single anionic surfactant (sodium dodecyl sulphate, SDS) 
and PCBs (Dulfer et al., 1995).  
Although sparse, various field data demonstrate the widespread presence of SHOCs at 
depths far beyond those anticipated based on their expected mobility (de Jonge et al., 2004; 
Grant et al., 2015). This suggests that unintentional FT is occurring in the environment. 
Migration and deposition of SHOCs to deeper soil layers evidently increases the mass of 
these compounds stored within the soil phase. Given that current estimates of SHOC loads 
that are stored in soils are based on their concentrations in the surface 5-10 cm (Krauss and 
Wilcke, 2003), the global reservoir of these compounds may be significantly underestimated 
(Grant et al., 2015). Such reservoirs provide a potential secondary source to the 
environment over time (e.g., via erosion) and associated risks of (unexpected) groundwater 
contamination with potentially toxic chemicals. Contaminated groundwater can be a direct 
exposure pathway to humans or animals when consumed as drinking water, but can also 
introduce hazardous contaminants into the food chain through for example, its use as 
irrigation water. Movement with groundwater provides a further distribution pathway to 
environments far from the original contamination source.  
To understand, and if necessary manage unintentional FT, tools to identify the sites most at 
risk, and the factors driving this risk are required. Long term field monitoring is a possible, 
although expensive and largely impractical, option. Alternatively, an understanding of the 
underlying mechanisms and parameters and their quantification can provide a first step 
towards understanding the potential of FT processes affecting SHOCs in the soil 
environment. 
 
1.5 Processes and factors driving FT of SHOCs in soils 
The processes governing FT involve a complex system of interactions between SHOCs, 
surfactants and the surrounding soil and water phases. The extent of SHOC migration under 
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FT is a balance between the amount of SHOCs that sorb to stationary phases and those 
associated with the facilitator phases that are mobile in soil-water. Admicelles and HAs 
associated with soil enhance the partitioning of SHOCs to soil and are thus expected to 
decrease the transport potential (Zhu et al., 2003). In contrast, surfactant monomers, 
micelles and dissolved HAs may increase the mobility of SHOCs (Kile and Chiou, 1989; 
Dulfer et al., 1995; Kim and Kwon, 2010; Gouliarmou et al., 2012; Shi et al., 2015). The 
partitioning processes relevant to FT can be represented by equilibrium constants for 
partitioning of surfactant monomers to soil (Kd), as well as the partitioning of SHOCs to 
surfactant micelles (KMI), monomers (KMO), mixed micelles (KMI,mix), HA (KDOC), soil-sorbed 
surfactants (Kds) and soil (KPOC) (Figure 1.2). Such quantitative data may enable or facilitate 
a preliminary quantification of the amount of SHOCs that may be transported in a facilitator-
water system with an assumption of equilibrium conditions prevailing.  
 
Figure 1.2: Partitioning of SHOCs in three progressively complex scenarios, SHOC 
partitioning to (A) surfactant monomers and micelles, (B) surfactant mixed micelles and (C) 
surfactant mixed micelles in the presence of HA.  
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To date, equilibrium partitioning isotherms have been experimentally determined only for a 
small number of moderately hydrophobic compounds and mostly using single surfactant 
solutions (Paria, 2008). For mixtures of surfactants, competitive, synergistic as well as 
neutral effects on HOC transport have been reported, mainly reflected by changes to CMC 
values following formation of mixed micelles (Zhou and Zhu, 2004; Mohamed and 
Mahfoodh, 2006) and altered surfactant sorption to soil (Yang et al., 2005; Tripathi and 
Brown, 2008). There is also some evidence that surfactants interact with soil colloids (HAs, 
DOM) to form mixed micelles, which may enhance the transport of SHOCs (Cheng and 
Wong, 2006), although a similar result was not found in later studies with different 
surfactants and colloids (Lippold et al., 2008). Synergistic behaviour has also been reported 
as a result of mixed micellisation of synthetic and bio-surfactants (Rao and Paria, 2009).  
As with surfactant mixtures, most research into surfactant solubilisation of contaminants has 
considered only single-contaminant systems (Guha et al., 1998). However, it has been 
shown that the presence of co-contaminants potentially influences SHOC FT where 
competitive, neutral and synergistic effects on solubilisation between contaminants have 
been described (Guha et al., 1998; Rouse et al., 2008). However, research to date has 
largely investigated contaminant competition under experimental settings where chemicals 
were at saturation levels, which may not be representative of their behaviour under 
environmental conditions.  
For SHOCs in particular, the majority of available relevant data relate to their sorption to soil 
organic carbon (Burkhard, 2000). Relatively high variability in soil sorption coefficients has 
been attributed to the different sorption potential of types of soil carbon, including black 
carbon and kerogen (Xiao et al., 2004; Wen et al., 2007). Similar variability can be expected 
for different surfactant types. However, there is comparatively little data for monomer-water 
and micelle-water partition constants of SHOCs in single surfactant systems. The data is 
limited to information on PCBs and four PAHs partitioning to one surfactant (sodium dodecyl 
sulphate) (Rahman et al., 1994; Dulfer et al., 1995; Kim and Kwon, 2010), and for DDT to a 
range of surfactants (Kile and Chiou, 1989). No information currently exists for mixed 
surfactant systems as well as surfactant-HA mixtures.  
Whilst there is clearly a need for such data, there are a number of experimental challenges 
to determine SHOC partitioning to surfactants, and in general to dissolved phases. These 
challenges are partly attributable to the extremely low aqueous solubility of SHOCs and 
partly due to difficulties with measuring SHOC partitioning between water and dissolved 
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phases (Gouliarmou et al., 2012). Consequently, new experimental approaches need to be 
developed for these compounds. 
 
1.6 Objectives: 
This PhD project aimed to determine the partitioning processes underlying FT of super-
hydrophobic organic contaminants in the subsurface and also evaluate the mechanisms 
involved in these processes. For the present study, it was hypothesised that mobile 
facilitators, especially surfactants and their mixtures, have the ability to considerably 
enhance apparent SHOC solubility in soil-water and therefore the potential for FT. To 
investigate this, the specific aims of this study were to:   
1. Develop a robust mass balance approach to quantify partitioning of SHOCs in 
dissolved phase-water systems (Chapters 2, 3) 
2. Quantitatively describe the behaviour and effect of mixtures on the FT potential of 
SHOCs relevant to agricultural environments, with focus on: 
a) Mixtures of nonionic and anionic surfactants (Chapter 4), and 
b) Binary and ternary surfactant – humic acid mixtures (Chapter 5) 
The outcomes are expected to advance understanding of FT relevant to unintentional 
surfactant releases, and to provide suitable experimental methods and approaches for 
research addressing partitioning of hydrophobic compounds in dissolved phases. Ultimately, 
the data are anticipated to facilitate the development of mechanistic transport models that 
can be used to describe and predict FT of contaminants in the environment.    
    
1.7 Thesis structure: 
This Chapter (Chapter 1) provided a general overview and background on the topics 
relevant to this PhD. It identified key research gaps relevant to the mechanisms and 
processes underlying FT, leading into the aims of this PhD. Chapter 2 discusses and 
addresses the existing experimental challenges associated with quantifying partition 
constants (K) for SHOCs in dissolved phases. The most suitable approach identified 
employs batch experimental designs using passive dosing of contaminants via a polymer 
phase (PDMS). However, this approach relies on the availability and robustness of partition 
constants between PDMS and water (KPDMSw). Therefore, this Chapter introduces a novel 
approach to estimate KPDMSw across congener groups based on the maximum solubility of 
SHOCs in both PDMS and the water phases. A new method for loading SHOC masses into 
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PDMS is also introduced in this Chapter. This loading method was further refined in Chapter 
3, focused on achieving precise SHOC masses in PDMS to quantify partition constants 
between SHOCs and dissolved surfactant monomers (KMO) and micelles (KMI) using a mass 
balance approach. The method was validated for SHOC partitioning to a model surfactant 
(SDS) and provides the first quantified KMO and KMI data for PCDDs with log KOW > 6.  
Considering that facilitators commonly occur in mixtures but the potential impact of these on 
SHOC solubilisation is unknown, Chapter 4 investigates the characteristics of anionic-
nonionic surfactant mixtures having different mixture ratios. A lower critical micelle 
concentration (CMC) was observed in all mixtures compared to their single constituents. In 
addition, monomer-micellar equilibrium and SHOC partitioning to surfactant mixed micelles 
was quantified. This work on binary surfactant mixtures was extended in Chapter 5 to 
include a model humic acid (HA) in order to consider the interaction of a commonly available, 
natural facilitator with surfactants, as well as the influence of such mixtures on the 
solubilisation of SHOCs. Finally, Chapter 6 provides a summary of the key findings of this 
thesis in the context of FT potential of SHOCs in the environment, together with an outlook 
for future work.   
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Chapter 2: An experimental solubility approach to determine PDMS-water partition 
constants and PDMS activity coefficients  
As discussed in Chapter 1, methodologies to quantify SHOC partitioning in aqueous 
environments to dissolved phases are not readily available. Therefore, a mass balance 
approach was developed, involving a passive dosing polymer technique. To apply the 
approach for the quantification of SHOC partition constants to dissolved phases, the SHOC 
partition constant between the polymer and water, Kpolymer-water, needs to be known. An 
approach based on the contaminant’s maximum water and polymer solubilities was 
developed and the polymer-water partition constants for the most hydrophobic SHOCs were 
determined.   
 
 
 
The following publication is incorporated as Chapter 2: 
Grant, S., Schacht, V.J., Escher, B., Hawker, D., Gaus, C., 2016. An experimental solubility 
approach to determine PDMS-water partition constants and PDMS activity coefficients. 
Environ. Sci. Technol. 50, 3047-3054. 
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Abstract 
Freely dissolved aqueous concentration and chemical activity are important determinants of 
contaminant transport, fate and toxic potential. Both parameters are commonly quantified 
using Solid Phase Micro-Extraction (SPME) based on a sorptive polymer such as 
polydimethylsiloxane (PDMS). They require the PDMS-water partition constants, KPDMSw, or 
activity coefficient to be known. For super-hydrophobic contaminants (log KOW > 6), 
application of existing methods to measure these parameters is challenging and 
independent measures to validate KPDMSw values would be beneficial. We developed a 
simple, rapid method to directly measure PDMS solubilities of solid contaminants, SPDMS(S), 
which together with literature thermodynamic properties was then used to estimate KPDMSw 
and activity coefficients in PDMS. PDMS solubility for the test compounds (log KOW 7.2-8.3) 
ranged over three orders of magnitude (4.1-5,700 µM), and was dependent on compound 
class. For polychlorinated biphenyls (PCBs) and polychlorinated dibenzo-p-dioxins 
(PCDDs), solubility-derived KPDMSw increased linearly with hydrophobicity, consistent with 
trends previously reported for less chlorinated congeners. In contrast, subcooled liquid 
PDMS solubilities, SPDMS(L), were approximately constant within a compound class.  SPDMS(S) 
and KPDMSw can therefore be predicted for a compound class with reasonable robustness 
based solely on the class-specific SPDMS(L) and a particular congener’s entropy of fusion, 
melting point and aqueous solubility. 
 
Keywords 
super-hydrophobic organic contaminants, chemical activity, freely dissolved concentration, 
solubility, SPME, silicone 
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2.1 Introduction 
Freely dissolved aqueous concentration (Cfree) and chemical activity are important 
determinants of physico-chemical processes and the behaviour of contaminants 
(Reichenberg and Mayer, 2006). Their utility in predicting environmental fate processes and 
effects such as dispersal, bioaccumulation and baseline toxicity is well recognised. The 
potential of chemical activity, in particular, to facilitate evaluation of toxicity in organisms has 
recently been highlighted (Thomas et al., 2015). Despite this, relatively few methods exist 
to quantify these parameters (Ossiander et al., 2008; Reichenberg et al., 2008). A common 
experimental approach is to employ passive sampling devices such as Solid Phase Micro-
Extraction (SPME), which often utilise polydimethylsiloxane (PDMS) as the sorptive polymer 
phase. On exposure of the polymer phase to the environmental sample (e.g. water), the 
chemical is accumulated in the PDMS due to lower initial activity in the polymer. Equilibrium 
is reached between the sample and PDMS when the chemical has equal activities in both 
phases. A chemical’s equilibrium concentration in the exposed PDMS can be related to its 
activity in the sample, e.g. water, aw, and also Cfree (Reichenberg and Mayer, 2006). 
Following Raoult’s Law convention for standard states, at equilibrium (Spurlock and Biggar, 
1994): 
𝑎𝑎PDMS = 𝛾𝛾PDMS∗ .∅PDMS = 𝑎𝑎w = 𝛾𝛾w.𝑋𝑋w (1) 
where ∅PDMS is the volume fraction of chemical in PDMS, 𝛾𝛾PDMS∗  is the activity coefficient in 
PDMS on that basis, 𝑋𝑋𝑤𝑤 is the mole fraction of chemical in water, and γw the associated 
activity coefficient. Use of volume fractions is helpful with phases for which an exact molar 
volume cannot be readily assigned such as for polymers (Spurlock and Biggar, 1994). At 
dilute chemical concentrations, ∅PDMS and 𝑋𝑋𝑤𝑤 can be conveniently related to concentration 
in that phase (CPDMS = ∅PDMS/𝑉𝑉�  where 𝑉𝑉�  is the chemical’s molar volume, and Cfree = Cw = 
𝑋𝑋𝑤𝑤/ 𝑉𝑉�w where  𝑉𝑉�w is the molar volume of water) (Smedes et al., 2009). Thus, the PDMS-water 
partition constant (KPDMSw; v/v) is itself a function of the chemical’s activity coefficients, water 
and chemical molar volumes: 
𝐾𝐾PDMSw = 𝐶𝐶PDMS𝐶𝐶free = 𝛾𝛾w. 𝑉𝑉�w𝛾𝛾PDMS∗  .𝑉𝑉�  (2) 
In order to successfully exploit techniques such as SPME for the quantification of aw 
(equation 1) or Cfree (equation 2) it is necessary to know CPDMS and either 𝛾𝛾PDMS∗  or KPDMSw, 
respectively. 
Although methods to directly measure activity coefficients and KPDMSw are available for a 
wide range of compounds, experimental approaches are often complex and application of 
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existing methods for super-hydrophobic organic contaminants (SHOCs; log KOW > 6) is 
challenging. Data for SHOCs are consequently relatively scarce and have higher uncertainty 
(Reichenberg et al., 2008; DiFilippo and Eganhouse, 2010). SHOCs include, however, some 
of the most persistent, bioaccumulative and toxic environmental contaminants, such as 
polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs) and polychlorinated 
biphenyls (PCBs). Approaches to estimate activity coefficients and KPDMSw are therefore 
important for both human and environmental risk assessment. 
Activity coefficients are generally concentration-dependent; however, for compounds of 
environmental interest including SHOCs, they are approximately constant up to saturation 
since even saturation concentrations in hydrophobic phases (typically ppm levels) are 
considered dilute (Schwarzenbach et al., 2003; Reichenberg and Mayer, 2006). According 
to equation (2), KPDMSw is therefore expected to be essentially independent of chemical 
concentration. KPDMSw can be derived, then, as the ratio of solubilities (solid or subcooled 
liquid states) in PDMS (SPDMS(S) or SPDMS(L)) and water (SW(S) or SW(L)). (Solid state solubilities 
are the product of subcooled liquid solubility and maximum activity in the solid crystalline 
form, acrystal; e.g. SPDMS(S) = acrystal.SPDMS(L).  
𝐾𝐾PDMSw = 𝑆𝑆PDMS(S)𝑆𝑆W(S) = 𝑆𝑆PDMS(L)𝑆𝑆W(L)   (3) 
Sprunger et al. (2007) have shown negligible differences in PDMS sorption properties for 
solutes in the presence and absence of water. Accordingly, KPDMSw can be determined with 
independently measured SPDMS(S) and SW(S). Although determination of SW(S) for poorly 
soluble compounds carries its own experimental challenges, the fundamental nature of this 
parameter has resulted in the availability of extensive literature values which allows robust 
estimates of uncertainties for each compound, including SHOCs. Thus, if SPDMS(S) can be 
measured, KPDMSw could then be estimated, avoiding many of the experimental artefacts 
which can introduce variability of up to several orders of magnitude in reported partition 
constants (DiFilippo and Eganhouse, 2010). This high variability has been attributed to the 
low aqueous solubility of SHOCs (Smedes et al., 2009), their slow sorption kinetics (Mayer 
et al., 2000; ter Laak et al., 2008) and potential for sorption to experimental surfaces (Hsieh 
et al., 2011). All of these issues may contribute to a reported loss of linearity in the 
relationship between log KPDMSw and log KOW for several SHOCs (Gorecki and Pawliszyn, 
1997; Yang et al., 2006; Hsieh et al., 2011). 
Measurement of SPDMS(S) also enables determination of activity coefficients in PDMS. Since 
𝛾𝛾𝑃𝑃𝑃𝑃𝑃𝑃𝑆𝑆
∗  can be considered approximately constant for many environmental contaminants, it 
can be determined at maximum solubility when, for pure (subcooled) liquids, chemical 
Page 39 of 196 
 
activity is unity, or for solid compounds, chemical activity is acrystal. Rearranging equation (1) 
therefore gives: 
𝛾𝛾PDMS
∗ = 1 𝑆𝑆PDM𝑆𝑆(𝐿𝐿)..𝑉𝑉� = 𝑎𝑎crystal 𝑆𝑆PDMS(S).𝑉𝑉�  (4) 
Direct measurement of the solubility of hydrophobic environmental contaminants in PDMS 
and other polymers has not been previously reported. Instead, external calibration solvents 
have been employed (Legind et al., 2007). For example, Reichenberg et al. (2008) estimated 
SPDMS(S) for PAHs by relating their solubility in PDMS to their measured solubility in methanol 
(MeOH) using the PDMS-MeOH partition constants. Methanol and other polar solvents 
generally do not swell PDMS (Lee et al., 2003) and are therefore suitable for calibration 
purposes. SHOCs have, however, relatively low solubility in these types of solvents, which 
presents challenges for measurement of solubility and partitioning behaviour and 
consequently empirical data quality and availability. 
This study aimed to develop a simple and rapid method to directly measure SPDMS(S) for 
SHOCs. For this, we used 3 PCDD, 1 PCDF and 4 PCB congeners to cover a range of 
physico-chemical properties (log KOW 7.2-8.3) across the three compound classes. The 
experimentally determined SPDMS(S) were then used to derive KPDMSw and 𝛾𝛾PDMS∗ , and their 
associated uncertainty due to SW(S) compiled from the literature. Using SPDMS(L) and literature 
acrystal data, we further modelled SPDMS(S) for many congeners belonging to the groups of 
PCDDs and PCBs. For validation, the relationships between our solubility-derived KPDMSw 
and both molecular weight and KOW were compared to previously reported data. 
 
2.2 Materials and Methods 
2.2.1 Materials  
PDMS-coated fibres were obtained from Fibreguide Industries Inc. (Stirling, USA) and 
PolyMicro Technologies (Pheonix AZ). Fibreguide fibres consisted of a 50 µm PDMS layer 
on a 200 µm diameter glass core (PDMS volume of 39.27 µL m-1). PolyMicro fibres had a 
PDMS coating thickness of approximately 7, 30 or 100 µm (see ter Laak et al. (2008) for 
further details). Fibres were cut into 2 cm lengths, washed in MilliQ water, dried and 
transferred to hexane for 24 h to clean and remove oligomers (Lee et al., 2003). After all 
solvent was evaporated, fibres were weighed on a microbalance and stored in methanol. 
The relative standard deviation (%RSD) between fibre masses was <2%. Medical grade 
PDMS sheeting was obtained from Specialty Silicone Products (product code SSP-M823) 
Inc. (New York, USA) (thickness 0.075 mm) and was cut into 1.5 x 2.5 cm sheets (from here 
on referred to as “loading sheets”). Loading sheets were cleaned as described for the fibres. 
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Standard solutions of A) a PCDD mixture (2,3,7,8-TCDD, 1,2,3,7,8-PnCDD, 1,2,3,4,7,8-
HxCDD, 1,2,3,4,6,7,8-HpCDD and OCDD), and individual standard solutions of B) 
1,2,3,4,7,8-HxCDD, C) OCDD, D) OCDF, as well as E) native PCBs (182, 204, 206 and 
209), were purchased from AccuStandard (New Haven, USA). 1,2,3,4,6,7,8-HpCDF 
(Cambridge Isotopes Laboratory, Andover, USA) and PCB118 (AccuStandard, New Haven, 
USA) were used as injection standards. All solvents were of analytical grade. 
 
2.2.2 Determination of PDMS solubility  
PDMS solubility of SHOCs (SPDMS(S)) was determined via equilibrium partitioning between 
clean PDMS fibres and loading sheets. The latter contained analytes in excess of saturation 
concentrations (see below). Provided that sufficient excess mass of solute is loaded to the 
sheets, the equilibrium concentration in the clean PDMS fibres is at maximum solubility. 
Pre-cleaned PDMS fibres were tightly sandwiched between two loading sheets (top sheet 
weighed down). Replicate PDMS fibres (n = 3-5) were removed at different times (t = 3 hours 
to 18 days). For each time point, the fibres were cleaned with a lint free tissue to remove 
surface adsorbed analyte, and extracted in 270 µL or 500 µL hexane (for PCDDs/OCDF and 
PCBs, respectively) for 24 h on an orbital shaker (23°C, 100 rpm). Extraction was exhaustive 
using one extraction for PCDD/Fs and two for PCBs (extracts combined for analysis) (>99% 
of mass recovered). Extracts were evaporated to near dryness and reconstituted in toluene 
containing a known concentration of injection standard (1,2,3,4,7,8,9-HpCDF and PCB118 
for PCDD/Fs and PCBs, respectively); analysis was performed as described below. SPDMS(S) 
was determined from a one phase exponential model fitted to the time series data using 
GraphPad Prism v6.04 (GraphPad Software Inc., San Diego, CA). 
 
2.2.3 PDMS sheet loading 
To achieve excess solute in the loading sheets, the PDMS sheets were loaded with SHOCs 
using a toluene-based swelling technique. Toluene swells PDMS by a factor of 1.3 in any 
one dimension (equating to a 2.3-fold increase in volume) (Lee et al., 2003). During the 
swelling process, SHOCs dissolved in the solvent are transported into the PDMS where they 
remain after the solvent is evaporated (Brown et al., 2001). Swelling significantly increases 
the mass of analyte loaded in a polymer compared to partitioning alone, and we predicted 
that in toluene, swelling delivers the majority (e.g. >99% for our test SHOCs, assuming a 
loading solution volume of 2 ml and PDMS volume of 28 µl per sheet) of the total SHOC 
mass in the PDMS. Using predicted loaded concentrations, we could ensure that sufficient 
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excess solute was loaded to achieve saturation conditions in the fibres. Further details, 
including derivation of the equations used to predict loaded concentrations, are given in 
Supporting Information (SI) Section S1. Six pairs of PDMS sheets were submerged in 2 mL 
toluene containing either the PCDD mix A) described above (15 µg mL-1 per congener), B) 
1,2,3,4,7,8-HxCDD (45 µg mL-1), C) OCDD (15 µg mL-1), D) OCDF (45 µg mL-1), E) a mix of 
PCBs (182, 204,206, 209) (each PCB 2,000-3,500 µg mL-1) or F) PCB209 (940 µg mL-1). 
The swelling technique resulted in similar concentrations for all congeners in the loading 
sheets (e.g. the 5 PCDD congeners in mix A) were at 26-29 ng µL-1). Sheet loading above 
PDMS solubility was experimentally assessed by loading PDMS sheets at two different 
1,2,3,4,7,8-HxCDD concentrations (see A and B above). Loading was performed on an 
orbital shaker (23 ±1°C, 100 rpm). After 24 h in the loading solution, the loading sheets were 
placed on Teflon sheeting to allow the complete evaporation of toluene. 
 
2.2.4 Instrumental analysis 
Extracts were analysed on a HP5890 Gas Chromatography-Electron Capture Detector (GC-
ECD) Series II (DB5 column, 30 m, 0.32 mm i.d., 0.25 µm film thickness) using a method 
described previously (Grant et al., 2015). Quantification of PCDDs, OCDF and PCBs was 
performed relative to their respective injection standards, and using a 5-point calibration 
series containing all analytes and a constant concentration of the injection standard. 
 
2.2.5 Subcooled liquid PDMS solubility 
SPDMS(L) was determined for each test SHOC based on the ratio of measured SPDMS(S) and 
literature acrystal, according to SPDMS(S) = acrystal.SPDMS(L) (data and references given in 
Table 2.1). 
 
2.2.6 Solubility-derived KPDMSw 
Our solubility-derived KPDMSw for the test SHOCs was determined as the median value of 
measured SPDMS(S) divided by literature SW(S) (equation 3). The literature data for aqueous 
solubilities included both measured and calculated values of SW(S) and SW(L) (at 298 K) (SI 
Table S1) based on compilations by Åberg et al. (2008), van Noort (2009) and Mackay et 
al. (2006), which were updated to include more recent literature (see reference list in SI 
Table S1). Only original data sources were included and apparent outliers were excluded. 
Further details on the data selection and uncertainty for aqueous solubilities, including 
treatment of outliers, is given in SI Section S2. 
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2.2.7 Activity coefficient  
𝛾𝛾PDMS
∗  (v/v) was calculated with equation 4 using Le Bas molar volumes (𝑉𝑉�) reported by 
Mackay et al. (2006). 
 
2.3 Results and discussion 
2.3.1 PDMS solubility of solid SHOC  
PDMS solubility, SPDMS(S), for the test SHOCs in this study (log KOW 7.2-8.3) ranged over 
three orders of magnitude (4.1-5,700 µM, Table 2.1), with low variability between replicates 
for all experiments (mean relative standard deviation (RSD) 5.4%). SPDMS(S) determined in 
mixtures (standard solutions A and E) were similar compared to those quantified using 
individual congeners (standard solutions B, C and F) (absolute difference of 0.6, 2.2 and 
1.9% for 1,2,3,4,7,8-HxCDD, OCDD and PCB209, respectively), indicating the absence of 
mixture effects even when all compounds were at their solubility limit in the PDMS. 
Furthermore, 1,2,3,4,7,8-HxCDD loaded sheets at different concentrations (A and B) 
resulted in almost identical SPDMS(S) demonstrating that the loading sheets were above 
saturation in both experiments. The transfer of SHOCs to clean fibres was relatively rapid, 
with equilibrium being reached within 7 to 48 hours for all compounds (SI Figure S2). Overall, 
high reproducibility and rapid loading, combined with the ability to work with SHOC mixtures 
containing individual compounds across a wide range of solubilities, demonstrates the 
practicality of this method for SPDMS(S) measurement.  
The measured PDMS solubilities were highly dependent on compound class; i.e. SPDMS(S) 
was considerably higher for PCBs (590-5,700 µM) compared to PCDDs (4.1-49 µM) 
(Table 2.1). Differences in SPDMS(S) were up to 140-fold between SHOC classes at 
comparable hydrophobicity such as for example PCB209 (log KOW 8.2) and OCDD (log KOW 
8.3). Within a compound class, however, measured solubility in PDMS decreased with 
increasing congener chlorination, i.e. increasing molecular weight (Table 2.1). SPDMS(S) of 
OCDF (log KOW 8.02), as a representative of PCDFs which are structurally related to PCDDs, 
was comparable to HpCDD (log KOW 7.83).  
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Table 2.1: SPDMS(S), log KPDMSw, SPDMS(L) and 𝛾𝛾PDMS∗  determined in this study and literature-
derived or reported values for log KOW, molecular weight and acrystal. 
 
log 
KOW1 
Molecular 
weight 
SPDMS(S) 
(µM) 
log 
KPDMSw2 
acrystal 3 SPDMS(L)
4 
(mM) 
𝜸𝜸𝐏𝐏𝐏𝐏𝐏𝐏𝐏𝐏
∗  
(L/L) 
   Mean SEM5     
123478-
HxCDD 
7.54 390.86 49 0.92 6.42 0.00073 67 49 
1234678-
HpCDD 
7.83 425.31 22 0.48 6.68 0.00029 76 41 
OCDD 8.32 459.75 4.1 0.11 7.25 0.000055 75 39 
OCDF 8.02 443.75 33 0.31 7.44 0.00040 82 35 
PCB182 7.20 395.32 5,700 110 6.63 0.16 35 86 
PCB204 7.30 429.77 3,200 48 6.88 0.058 55 52 
PCB206 8.09 464.21 2,100 28 7.45 0.043 49 55 
PCB209 8.18 498.66 590 8.5 7.59 0.032 18 140 
1 KOW from Åberg et al. (2008) (PCDDs/OCDF) and Hawker and Connell (1988) (PCBs) 
2 KPDMSw (this study) determined as the median value of measured SPDMS(S) to literature 
SW(S) (equation 3) across all selected literature SW(S) values (see SI Table S1 and Figure 
S1B) 
3 Solid crystalline activities calculated from the crystal-liquid fugacity ratio following the 
approach of Åberg et al. (2008) (PCDDs/OCDF) and from van Noort (2006) (PCBs) 
4 Calculated as SPDMS(S)/acrystal 
5 SEM = standard error of the mean, based on fitted one phase exponential model  
We prioritised the application of our solubility method in this study to SHOCs, for which 
KPDMSw and γPDMS parameter values are lacking or highly variable. However, the method can 
theoretically be applied to any compound (and the loading sheets re-used many times) as 
long as excess solubility in the loading sheets can be achieved. For some compounds, 
however, safety and costs implications when working at high solute concentrations may 
make this method impractical; e.g. the less hydrophobic, but more toxic PCDDs such as 
TCDD and PnCDD. 
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2.3.2 PDMS solubility of subcooled liquid SHOCs 
In contrast to measured PDMS solubilities in the solid state, PDMS solubility in the 
subcooled liquid state, SPDMS(L), was approximately constant within a compound class 
(Table 2.1), and could be determined from the slope of the regression between SPDMS(S) and 
solid crystalline activity, acrystal (Figure 2.1). The slope-derived average for SPDMS(L) was 68 
mM for PCDDs and OCDF (r2 = 0.99) and 38 mM for PCBs (r2 = 0.89) (Figure 2.1). This 
suggests that the difference in the solid-state solubilities is driven predominantly by the 
energy required to melt the compound’s crystal lattice structure, which increases with 
increasing congener chlorination state (and therefore molecular weight) (Schwarzenbach et 
al., 2003; Mayer and Reichenberg, 2006). In the hypothetical subcooled liquid state, 
congeners within a class have similar solubilisation capacity in PDMS due to the similarity 
of SHOC-SHOC and SHOC-PDMS interactions (Schwarzenbach et al., 2003). 
 
Figure 2.1: Measured SPDMS(S) plotted against solid crystalline activity, acrystal, for PCDDs, 
OCDF and PCBs. Solid lines are the fitted linear regression relationships, and the slope 
(given in units of mM) is equal to SPDMS(L).  
Similar to our results for PDMS, relatively constant calculated subcooled liquid solubilities in 
low density polyethylene (LDPE) and octanol have been reported across the homologue 
series of PAHs, PCBs and PBDEs (Lohmann, 2011; Zhu et al., 2015), and for PCBs 
(Schenker et al., 2005) and PCDDs (Åberg et al., 2008), respectively. In our study, the 
subcooled liquid PDMS solubility of PCDDs and OCDF was approximately two times higher 
than that of the larger PCB congeners. A similar trend was observed (on a mass 
concentration basis) for LDPE, where the higher LDPE solubility of PAHs compared to PCBs 
was attributed to their smaller molar volume per mass (Lohmann, 2011; Zhu et al., 2015),  
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Whilst molecular weight has been shown to be a suitable predictor for thermodynamic 
properties of environmental contaminants (Smedes et al., 2009) log KOW is also commonly 
used when reliably measured data are lacking. It is therefore of interest to compare our 
measured PDMS solubility to that in octanol. Schenker et al. (2005) and Åberg et al. (2008) 
calculated anhydrous octanol solubilities (final adjusted values after achieving internal 
thermodynamic consistency for partition constants between octanol-water-air) for mono- to 
octachlorinated PCB and PCDD/F congeners. Subcooled liquid octanol solubility, SO(L), was 
1,010 mM for PCBs (Li et al., 2003; Schenker et al., 2005) and 1,950 mM for PCDDs (Åberg 
et al., 2008) (averaged across the entire compound class) with within-class variability of 29% 
and 60% RSD for PCBs and PCDDs, respectively (range <1 order of magnitude). Compared 
to subcooled aqueous solubilities, which for PCBs and PCDDs ranges up to 4 orders of 
magnitude (Schenker et al., 2005; Åberg et al., 2008), SO(L) and similar other non-polar 
phases (e.g. PDMS, other non-polar polymers, surfactant micelles) can be considered 
relatively constant (Zhu et al., 2015). In relation to SO(L), both PCDDs and PCBs have lower 
subcooled liquid PDMS solubility (SPDMS(L)), due, at least in part, to unusually small van der 
Waals interactions in silicone (Goss, 2015). Furthermore, the ratio of SO(L) to SPDMS(L) was 
virtually identical for PCBs and PCDDs (ratios of 26 and 27, respectively). Thus, after 
accounting for differences in solubility capacities between compound classes due to 
molecular size, these results suggest that PCBs and PCDDs interact in a similar way with 
octanol and PDMS, and solubility differences can be attributed to solvent, not solute, 
properties. 
Overall, these findings have important implications for quantifying SHOC-polymer 
interactions. Whereas molecular size is an expected predictor of aqueous chemical activity 
coefficients (Schwarzenbach et al., 2003). SPDMS(L) of SHOCs are class-specific data but 
approximately constant within a compound class. 𝛾𝛾PDMS∗  can therefore be quantified based 
on measured values for a subset of congeners within a class. Given that solid state solubility 
(SPDMS(S)) differs between congeners within a class only according to their crystalline 
activities, once SPDMS(L) for a class is known, SPDMS(S) can be predicted for any congener 
from their entropy of fusion, ∆Sfus, and melting point, TM, alone:  
𝑆𝑆PDMS(S) = 𝑎𝑎crystal. 𝑆𝑆PDMS(L) = 𝑒𝑒𝑒𝑒𝑒𝑒 �∆𝑆𝑆fus𝑅𝑅  �1 − 𝑇𝑇M298�� . 𝑆𝑆PDMS(L) (5) 
Furthermore, polymer-water partition constants can easily be estimated across entire 
compound classes for congeners whose crystalline activities and aqueous solubilities are 
known (equation 3). 
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Using this approach, we predicted SPDMS(S) for other, less hydrophobic PCB and PCDD 
congeners for which relevant thermodynamic data were available (Figure 2.2, SI Table S2). 
The predicted SPDMS(S) for both PCBs and PCDDs decreased approximately linearly with 
molecular weight (Figure 2.2), although the slope of the SPDMS(S)-molecular weight 
relationship was steeper for PCDDs compared to PCBs. For the least hydrophobic PCBs 
and PCDDs (di- and mono-chlorinated congeners, molecular weight <250, log KOW <5) the 
predicted SPDMS(S) values were similar between the two compound classes. In contrast, there 
was a 140-fold difference in our measured SPDMS(S) between the two largest, most 
hydrophobic congeners (PCB209/OCDD).  
Figure 2.2: Measured (solid symbols) and predicted (open symbols) solid-state PDMS 
solubility (SPDMS(S)) for PCDD and PCB congeners, plotted against molecular weight. 
 
2.3.3 PDMS-water partition constants 
 Solubility-derived log KPDMSw ranged from 6.4 to 7.6 (Table 2.1). For OCDF (log KPDMSw = 
7.4), no previous data are available for comparison and despite structural relationships, its 
KPDMSw was higher than for PCDDs with similar log KOW. The aqueous solubility data used 
to determine KPDMSw included both measured and calculated literature SW(S) (SI Table S1). 
The range in reported SW(S), which for some SHOCs was up to 2 orders of magnitude (SI 
Figure S1A), resulted in a concomitant uncertainty in the determined KPDMSw values (SI 
Figure S1B, SI section S3). In general, the uncertainty in SW(S) increased with increasing 
SHOC hydrophobicity, reflecting the well-recognised experimental artefacts when working 
with very poorly soluble compounds (DiFilippo and Eganhouse, 2010). Log KPDMSw 
increased linearly with increasing congener chlorination (i.e. molecular weight; Figure 2.3A, 
Table 2.1) and the 25th-75th percentile ranges for KPDMSw were within <0.3 log units, except 
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for the most hydrophobic SHOCs, OCDD (0.48 log units) and PCB209 (0.61 log units) 
(Figure 2.3). This variability is within reported experimental variability for moderately 
hydrophobic compounds (DiFilippo and Eganhouse, 2010). The present approach therefore 
provides equally satisfactory approximations for KPDMSw for SHOCs, with the potential to 
improve considerably as aqueous solubility data become more reliable. 
 
Figure 2.3: Relationship between solubility-derived log KPDMSw and A) molecular weight and 
B) log KOW for PCBs and PCDDs compared to experimentally determined literature data. 
Error bars represent the interquartile (25-75th percentile) range. Literature values for PCBs 
182, 204, 206 and 209 (open circles) are from Yang et al. (2006), Smedes et al. (2009) and 
Endo et al. (2011) All other PCB KPDMSw values (open squares), log KOW and associated 
references are given in SI Table S3. Dynamic permeation method values for tetra- to hexa-
CDDs (open triangles) are revised values from Endo et al. (2011) (see SI section S4). 
Solubility-derived log KPDMSw also increased with log KOW, approximately paralleling the 1:1 
line (Figure 2.3B, PCBs: log KPDMSw = 0.88 log KOW + 0.35, r2=0.97, SD=0.09; PCDDs: log 
KPDMSw = 0.85 log KOW + 0.13, r2=0.98, SD=0.08). Smedes et al. (2009) identified that log 
KOW is a poorer predictor of log KPDMSw than molecular weight for PCBs, attributed to 
underestimation of log KOW for ortho-substituted PCBs (Hawker and Connell, 1988), which 
may contribute to the apparent ~0.5 log unit difference between the PCBs and PCDDs when 
regressed with log KOW (Figure 2.3B). When compared on a molecular weight scale (Figure 
2.3A), log KPDMSw between the classes are virtually identical reflecting their similar molecular 
structures. 
Above log KOW of 7 (equating to an approximate molecular weight of 400), experimentally 
derived KPDMSw data become, in general, scarcer and more uncertain in the literature 
(DiFilippo and Eganhouse, 2010). In particular, previously reported experimental values for 
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the four super-hydrophobic PCBs in our study vary over almost 2 orders of magnitude 
(Figure 2.3, open circles) and the relationship of log KPDMSw with both molecular weight and 
log KOW appears to flatten at the highest end of the hydrophobicity scale (Figure 2.3) (Yang 
et al., 2006). This is not the case for our solubility-derived data, which are remarkably 
consistent with the smaller, less hydrophobic congeners (Figure 2.3). The commonly 
observed flattening of log KPDMSw with increasing hydrophobicity has previously been 
reported to be an experimental artefact related to working at low, sub-saturation 
concentrations and long equilibration times (DiFilippo and Eganhouse, 2010). Using PDMS 
solubility to estimate partition constants therefore provides an alternative approach that 
avoids some of the known experimental challenges encountered when using traditional 
batch systems. 
In contrast to PCBs, only one study has experimentally determined KPDMSw for PCDDs (tetra- 
to hexa-chlorinated congeners – see Supporting Information SI-1 in Endo et al. (2011)). Our 
solubility-derived log KPDMSw value for 1,2,3,4,7,8-HxCDD (6.42) using PDMS solubility was 
higher than the previous measurement (5.89) (Endo et al., 2011) using a dynamic 
permeation method, whereby KPDMSw was estimated based on chemical transfer kinetics 
from a donor to an acceptor PDMS in water (Kwon et al., 2007). Re-evaluation of the 
previously reported data (Endo et al., 2011), however, revealed biphasic kinetics with an 
initially slower transfer phase for the first 15 days (see SI Figure S3). The reason for this is 
unknown but may indicate the formation of colloidal particles (e.g., by bacterial growth) over 
time, which would be expected to accelerate chemical transfer across the unstirred water 
layer as discussed in more detail in the SI, Section S4. Deriving KPDMSw values using only 
the initial transfer kinetics for the tetra- to hexa-chlorinated congeners align well with our 
solubility derived KPDMSw (Figure 2.3), and follows closely the 1:1 log KPDMSw-log KOW 
relationship. Given the limited experimental data for PCDDs for comparison and validation 
of our method, we also calculated KPDMSw for PCDDs based on linear solvation energy 
relationships (LSERs) reported in the literature (Sprunger et al., 2007; Xia et al., 2007; 
DiFilippo and Eganhouse, 2010). There was very close agreement for HpCDD and OCDD 
using four different LSER relationships (SI Table S4), but not for HxCDD where all LSER-
calculated log KPDMSw (5.83-6.12) were lower than our solubility-derived value (6.42). Overall, 
the good agreement for HpCDD and OCDD supports the reliability of the KPDMSw values 
determined using SPDMS(S) for most SPME applications.  
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2.3.4 Predicted KPDMSw for other PCB/PCDD congeners  
Since SPDMS(L) is approximately constant within the classes of PCBs and PCDDs, we 
concluded above that it is relatively straightforward to predict KPDMSw for any PCB/PCDD 
congener for which acrystal and SW(S) (or SW(L)) is known (equation 3). Schenker et al. (2005) 
and Åberg et al. (2008) report SW(L) for a range of mono- to octa-chlorinated PCBs and 
PCDDs, respectively. These SW(L) are final adjusted values after achieving internal 
thermodynamic consistency for partition constants between octanol-water-air (Schenker et 
al., 2005; Åberg et al., 2008), and are therefore considered reliable for the purposes of this 
study. 
Our predicted KPDMSw values, i.e. SPDMS(L)/SW(L), show remarkable agreement between PCBs 
and PCDDs when plotted against molecular weight (Figure 2.4A). (This is expected since 
the ratio of the (constant) subcooled liquid solubilities in octanol and PDMS is virtually 
identical for PCBs and PCDDs). For the lower chlorinated congeners of both compound 
classes, however, a difference between measured KPDMSw values and SPDMS(L)/SW(L) of up to 
0.8 log units is apparent (Figure 2.4A). This difference may relate to systematic uncertainty 
in SW(L) or acrystal (used to calculate SPDMS(L)), or result from a small, but systematic decrease 
in SPDMS(L) with decreasing hydrophobicity. It is also possible that the values for SPDMS(S) 
measured in our study may be specific to the PDMS used. Differences in log KPDMSw between 
PDMS sourced from different suppliers have previously been reported, causing up to 
approximately one log unit difference in partitioning properties (Yang et al., 2006; 
Reichenberg et al., 2008; ter Laak et al., 2008; Smedes et al., 2009). 
 
Figure 2.4: Solubility-derived log KPDMSw (solid symbols) and predicted log KPDMSw (crosses), 
plotted against A) molecular weight and B) log KOW, and compared to literature measured 
data. The red dashed line in B) represents the theoretically-derived relationship: log KPDMSw 
= 1.16 log KOW - 2.06 (equation 9). 
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When regressed against log KOW, as discussed above, our solubility–derived KPDMSw values 
for PCBs were approximately 0.5 log units higher compared to PCDDs. To investigate the 
log KPDMSw-log KOW relationship further, we compared our data against KPDMSw based on a 
theoretically-derived relationship between log KPDMSw and log KOW. We demonstrated above 
that solubility of both PCBs and PCDDs is on average 26 times higher in anhydrous octanol 
than in PDMS, i.e.: 
𝑆𝑆O(L) = 26 𝑆𝑆PDMS(L) (6) 
Given that the free energy change for partitioning between water-octanol and water-PDMS 
is governed largely by the excess free energy of the SHOCs in the water phase, Hsieh et al. 
(2011) dividing each side of equation 6 by SW(L) gives: 
𝑆𝑆O(L)
𝑆𝑆W(L) = 26 𝑆𝑆PDMS(L)𝑆𝑆W(L) = 26 𝐾𝐾PDMSw (7) 
and therefore:  log �𝑆𝑆O(L)
𝑆𝑆W(L)� = log𝐾𝐾PDMSw + 1.42 (8) 
In investigating the effect of mutual solubility of octanol and water, Li et al. (2003) derived a 
relationship between log (SO(L)/SW(L)) and log KOW for PCBs, log(SO(L)/SW(L)) = 1.16 log KOW 
– 0.64. This agrees reasonably well with the relationship derived by Beyer et al. (2002) for 
a range of compounds with log KOW >4. Thus, substituting for log (SO(L)/SW(L)) in equation 8 
gives:  log KPDMSw = 1.16 log𝐾𝐾OW − 2.06 (9) 
Our solubility-derived log KPDMSw for the PCBs and PCDDs are marginally over- and under-
estimated respectively compared to the theoretical relationship represented by equation 9 
(Figure 2.4B). This suggests that the difference in the log KPDMSw-log KOW relationship 
between the classes may not be solely attributable to the log KOW values selected for the 
PCBs. The predicted slope of 1.16 in equation 9, which is close to but exceeds unity, reflects 
a change in the octanol-water mutual solubility effect with compound hydrophobicity; i.e. the 
difference in solubility of SHOCs between water-saturated octanol and anhydrous octanol 
increases with increasing hydrophobicity (Beyer et al., 2002; Li et al., 2003). 
 
2.3.5 Activity coefficients for SHOCs in PDMS 
Estimated activity coefficients, 𝛾𝛾PDMS∗ , for PCDDs decreased with molar volume (Table 2.1), 
in line with theoretical expectations for activity coefficients defined following Raoult’s Law 
convention on a volume fraction basis (Spurlock and Biggar, 1994). A similar trend was not 
apparent for the PCBs due, in part, to the high 𝛾𝛾PDMS∗  value for PCB209 (140, Table 2.1) 
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compared to the other congeners (range 52-86). Consistent with this, the congener-specific 
value for SPDMS(L) for PCB209 (determined as SPDMS(S)/acrystal) of 18 mM (Table 2.1) was lower 
than expected compared to the slope-derived class-specific value of 38 mM. This may 
suggest that acrystal for PCB209 used in this study (estimated from fusion entropy-enthalpy 
relationships) may be overestimated by the model of van Noort (van Noort, 2006). 
 
2.3.6 Screening for PDMS solubility of different SPME fibres 
A simple and rapid method of measuring PDMS solubility facilitates easy comparison of 
SPDMS(S) between different sources of PDMS and/or other polymers and across contaminant 
classes. We determined PDMS solubility for our test PCDDs in three PDMS fibres from the 
same manufacturer, PolyMicro Industries (we assumed nominal PDMS thicknesses of 7, 30 
and 100 µm, although it should be noted that nominal coating thickness may vary from actual 
coating thickness (Witt et al., 2013)) for which KPDMSw data were previously determined for 
a range of PCBs by ter Laak et al. (2008) Variability between replicates was low for all 
experiments (mean RSD for each fibre ranged 4.5-6.7%, n = 4 or 5). SPDMS(S) for the PCDDs 
varied between the fibres, increasing in the order 100 µm (5.6-62 µM) < 7 µm (8.8-78 µM) < 
30 µm (10-99 µM) (SI Table S5, Figure S4). Comparing these results to those for the 50 µm 
fibres from Fibreguide Industries (4.1-49 µM, Table 2.1) indicated differences in solubility 
between fibres from the same supplier up to 70%, and between suppliers (for fibres with 
similar PDMS thickness) up to 104%. This translates to a difference in KPDMSw of up to 0.25 
and 0.41 log units, respectively. These results are consistent with those of ter Laak et al. 
(2008) (PCBs with log KOW of 4.7-7.7), where inter-fibre differences in KPDMSw of up to 0.27 
log units were observed. The log KPDMSw-molecular weight relationships were virtually 
identical between PCDDs and PCBs in the PolyMicro fibres (SI Figure S4A), further 
supporting the reliability of the solubility approach to determine KPDMSw, and were parallel for 
PCDDs between the different fibres (SI Figure S4B). 
Overall, SPDMS(S) offers a robust alternative approach to determine KPDMSw and allows rapid 
assessment of polymer solubility attributes between different polymers and/or suppliers. 
This approach may enable exploration of solute interactions with other solvents, such as 
octanol for example, avoiding some of the known experimental challenges encountered 
when using traditional batch systems.  
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Chapter 3: Apparent solubility enhancement of dioxins and PCBs by surfactant 
monomers and micelles quantified with polymer depletion techniques 
Utilising the polymer water partition constants for SHOCs derived in Chapter 2, the mass 
balance approach to determine the partitioning of SHOCs to dissolved phases was further 
refined. A reproducible, precise SHOC loading into the polymer is essential, which was 
achieved by adapting the loading approach introduced in Chapter 2. SHOC partition 
constants between water and surfactant monomers and micelles to a model anionic 
surfactant were quantified.  
 
 
 
The following publication is incorporated as Chapter 3: 
Schacht, V.J., Grant, S., Escher, B., Hawker, D., Gaus, C., 2016. Solubility enhancement 
of dioxins and PCBs by surfactant monomers and micelles quantified with polymer 
depletion techniques. Chemosphere 152, 99-106. 
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Abstract 
Partitioning of super-hydrophobic organic contaminants (SHOCs) to dissolved or colloidal 
materials such as surfactants can alter their behaviour by enhancing apparent aqueous 
solubility. Relevant partition constants are, however, challenging to quantify with reasonable 
accuracy. Partition constants to colloidal surfactants can be measured by introducing a 
polymer (PDMS) as third phase with known PDMS-water partition constant in combination 
with the mass balance approach. We quantified partition constants of PCBs and PCDDs 
(log KOW 5.8-8.3) between water and sodium dodecyl sulfate monomers (KMO) and micelles 
(KMI). A refined, recently introduced swelling-based polymer loading technique allowed 
highly precise (4.5-10% RSD) and fast (<24 hours) loading of SHOCs below their maximum 
solubility into PDMS, and due to the miniaturisation of batch systems equilibrium was 
reached in <5 days for KMI and <3 weeks for KMO. SHOC losses to experimental surfaces 
were substantial (8-26%) in monomer solutions, but had a low impact on KMO (0.10-0.16 log 
units). Log KMO for PCDDs (4.0-5.2) were approximately 2.6 log units lower than respective 
log KMI, which ranged from 5.2-7.0 for PCDDs and 6.6-7.5 for PCBs. The linear relationship 
between log KMI and log KOW was consistent with more polar and moderately hydrophobic 
compounds. Apparent solubility increased with increasing hydrophobicity and was highest 
in micelle solutions. However, this apparent solubility enhancement was also considerable 
in monomer solutions, up to 200 times for OCDD. Given the pervasive presence of surfactant 
monomers in typical field scenarios, these data suggest that low surfactant concentrations 
may be effective long-term facilitators for subsurface transport of SHOCs. 
 
Key words 
partition constants; surfactant monomers and micelles; silanisation, poly(dimethylsiloxane); 
polychlorinated biphenyls; polychlorinated dibenzo-p-dioxins 
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3.1 Introduction 
Some of the most toxic and environmentally persistent contaminant groups are super-
hydrophobic organic compounds (SHOCs, log KOW > 6). Typical examples of SHOCs are 
the higher chlorinated polychlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated 
biphenyls (PCBs). As a result of their extremely low aqueous solubility and relatively high 
affinity for organic matter, subsurface transport of SHOCs is facilitated by the presence of 
colloids including dissolved organic carbon (DOC) and surfactants (Pennell et al., 2003; 
Paria, 2008; Grant et al., 2011). Association of SHOCs with such facilitators increases their 
apparent aqueous solubility and thus their subsurface mobility in soil water. 
Surfactants, when present above their critical micelle concentration (CMC), have long been 
identified as potent transport facilitators of hydrophobic contaminants; a concept that is 
exploited for remediation of contaminated soils (Paria, 2008). The extent and significance of 
facilitated transport in the environment at low surfactant concentrations, however, remains 
poorly understood (Pennell et al., 2003; Grant et al., 2011), and partition constants or 
apparent solubility enhancement factors for SHOCs are scarce (Dulfer et al., 1995; Durjava 
et al., 2007; Kim and Kwon, 2010).  
Surfactant release occurs frequently at urban, agricultural and industrial sites where 
facilitated transport of contaminants is unintentional and undesirable, e.g. with surfactants 
present in pesticide formulations, foams, irrigation or wastewater. Although initial surfactant 
concentrations in soil-water can be above the CMC in such scenarios, they are expected to 
decrease rapidly through sorption, dilution and degradation (Ying, 2006). The potential for 
and extent of facilitated transport in the presence of surfactant monomers is, however, 
virtually unknown (Gouliarmou et al., 2012). To evaluate the extent and relative importance 
of such processes and the associated risks of, for example, groundwater contamination, 
SHOC partitioning behaviour with dissolved surfactant monomers and micelles, and 
associated partition constants (Kdissolved phase-water), need to be known.  
The challenges associated with experimental work on SHOCs in aqueous systems, and the 
resulting order of magnitudes variability in partition constants are well recognised (Burkhard, 
2000; DiFilippo and Eganhouse, 2010). Experimental artefacts may arise from the low 
aqueous solubility of SHOCs (Smedes et al., 2009), relatively slow sorption kinetics (Mayer 
et al., 2000; ter Laak et al., 2008) and the potential for sorption to experimental surfaces, 
e.g. glass (Górecki et al., 1998; Hsieh et al., 2011). A flattening of the log-log relationship 
between KOW and Kdissolved phase-water with increasing compound hydrophobicity has been 
attributed to such artefacts (Burkhard, 2000).  
Page 60 of 196 
 
Existing techniques to determine partitioning of a chemical between water and dissolved 
phases without perturbing the equilibrium are poorly suited for very hydrophobic 
compounds. These techniques include dialysis headspace equilibration, fluorescence 
quenching, reverse phase separation and negligible depletion solid-phase microextraction 
(see Burkhard (2000), Kim and Kwon (2010) and references therein). More recently, an 
approach based on principles underlying passive dosing has been used to determine 
Kdissolved phase-water (ter Laak et al., 2005). Chemicals are loaded into a hydrophobic polymer 
that acts as an insoluble partitioning phase from which chemical depletion is quantified. This 
allows controlled and constant aqueous concentrations to be generated (Smith et al., 2009). 
So far, this strategy has been successfully employed to determine Kdissolved phase-water for a 
range of moderately hydrophobic compounds with DOC (KDOCw) (ter Laak et al., 2005; 
Durjava et al., 2007; Kim and Kwon, 2010), as well as surfactant micelles (sodium dodecyl 
sulphate, SDS (KSDSw)) as dissolved phases (Kim and Kwon, 2010). For application to 
SHOCs, however, modifications would be necessary to achieve the higher accuracy 
required. Partition constants determined via polymer-depletion methods are highly sensitive 
to the chemical mass loaded to the polymer, since aqueous concentrations are calculated 
from measured equilibrium concentrations in the polymer to eliminate the need to measure 
freely dissolved concentrations. Polymer loading with contaminants is achieved via 
partitioning from methanol/water solutions; however, this method results in increasing 
variability in loaded masses with increasing contaminant hydrophobicity (Endo et al., 2013). 
In addition, partitioning kinetics become slower with increasing molecular size and are 
anticipated to be impractically long for SHOCs (Kwon et al., 2007) even in the presence of 
facilitators (Kramer et al., 2007). Application of polymer-depletion techniques to quantify 
Kdissolved phase-water for SHOCs therefore requires reduction of experimental water volumes for 
reasonably fast kinetics. In turn, even more precise and reproducible polymer loading 
techniques are needed, and partitioning to experimental surfaces could become significant. 
This study aimed to address these challenges by modifying polymer-depletion methods to 
enable quantification of surfactant-water partition constants for PCDDs and PCBs. We 
refined and validated a recently described technique (Grant et al., 2016) for highly 
reproducible and constant loading of poly(dimethylsiloxane) (PDMS) with SHOCs 
independent of their hydrophobicity at predefined concentrations below their maximum 
solubility. Further, we optimised the subsequent SHOC depletion in surfactant-water 
systems to achieve relatively fast kinetics and also allow quantification of glassware sorption 
effects. Method performance was tested against previously reported data for partitioning of 
PCBs to SDS micelles. The method was then applied to quantify both monomer- and 
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micelle-water partitioning behaviour for PCDDs (log KOW range 5.8-8.3). From this, 
quantitative relationships between KOW and the monomer-water (KMO) and micelle-water 
(KMI) partition constants were developed.  
 
3.2 Materials and methods 
3.2.1 Materials 
Glass fibres of 200 µm diameter coated with 50 µm PDMS were obtained from Fibreguide 
Industries Inc (Stirling, USA). Fibres were cut to lengths of 1.0 or 2.0 cm (affording 0.39 or 
0.79 µL PDMS, respectively), washed in MilliQ water and dried. Fibres were subsequently 
extracted in hexane for 24 h to remove PDMS oligomers (Lee et al., 2003), weighed using 
a Mettler microbalance, and stored in methanol. The % RSD (relative standard deviation) 
between fibre masses of a given length within each experiment was <2%.  
Standard solutions of a PCDD mixture (2,3,7,8-TCDD, 1,2,3,7,8-PeCDD, 1,2,3,4,7,8-
HxCDD, 1,2,3,4,6,7,8-HpCDD and OCDD; 5 mg L-1 each congener) in toluene, and PCBs 
78, 103, 104, 136, 182, 204, 206 and 209 in isooctane were purchased from AccuStandard 
(New Haven, USA). Individual PCBs were combined in a mixture containing 3.5 µg mL-1 of 
each congener. Internal standards (1,2,3,4,6,7,8-HpCDF and PCB 118) were purchased 
from Cambridge Isotopes Laboratory (Andover, USA) and AccuStandard, respectively. 
Sodium dodecyl sulphate (SDS, purity ≥99%, CMC 7-10 mM, average 8.5 mM or 2.451 g L-
1) and sodium azide were obtained from Sigma-Aldrich (Sydney, Australia). Pure deionised 
water was prepared using a Millipore water purification system (Merck Millipore, Kilsyth, 
Australia). All solvents were of analytical grade. 
 
3.2.2 Mass balance model for SHOCs in surfactant solution 
To quantify surfactant-water partitioning of SHOCs, a mass balance approach was applied 
to a system comprising PDMS loaded with known amount of SHOCs in an aqueous 
surfactant solution. The mass depleted from the polymer equals the mass in the aqueous 
phase plus the mass associated with surfactants and glassware (Figure 3.1): 
 MPDMS,t=0 = MPDMS,eq + MW + Msurfactant + MG    (1)                
where MPDMS,t=0 is the mass of SHOCs loaded into the PDMS, i.e. the total mass of SHOCs 
in the system, and MPDMS,eq, MW, Msurfactant and MG are the masses of SHOCs associated 
with PDMS, water, surfactant and glass surfaces, respectively, at equilibrium. To date, 
surfactant-water partition constants have been typically measured based on total surfactant 
concentrations (analogous to DOC, e.g. Kim and Kwon (2010)) thus not elucidating the 
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individual impact of monomers and micelles. In the present study, contaminant partitioning 
between surfactant monomers and micelles was quantified separately. At surfactant 
concentrations below the CMC, Msurfactant is the sum of SHOC masses associated with 
monomers (MMO) and when above CMC, Msurfactant equals the summed mass of SHOC 
associated with monomers (MMO) and micelles (MMI). 
 
Figure 3.1: Conceptual diagram of SHOC partitioning processes (illustrated with equilibrium 
partitioning constants K between the different phases) in a test system with surfactants 
below the CMC (only monomers; left) or above the CMC (monomers and micelles; right). 
W= water, G = glass, PDMS = poly(dimethylsiloxane), MO = monomer, MI = micelle. 
The partition constant of a SHOC between monomers and water (KMO; L kg-1) can be defined 
as the ratio of the SHOC concentration in monomers, CMO, and water, CW: 
𝐾𝐾MO = 𝐶𝐶MO𝐶𝐶W = 𝑉𝑉W𝑚𝑚surf,MO �𝑃𝑃MO𝑃𝑃W �  (2) 
where msurf,MO is the mass of monomers (kg) and VW the volume of surfactant solution (L). 
For surfactant concentrations less than the CMC, substituting for MMO from equation (1) into 
(2), gives:  𝐾𝐾MO = 𝑉𝑉W𝑚𝑚surf,MO �𝑃𝑃PDMS,t=0𝑃𝑃W − 𝑃𝑃PDMS,eq𝑃𝑃W − 𝑃𝑃G𝑃𝑃W − 1�  (3) 
The mass of SHOCs dissolved in the aqueous phase, MW, is related to the measured mass 
of SHOCs in the polymer at equilibrium, MPDMS,eq, by the PDMS-water partition constant, 
KPDMSw: 
𝐾𝐾PDMSw = 𝐶𝐶PDMS𝐶𝐶W = 𝑉𝑉W𝑉𝑉PDMS �𝑃𝑃PDMS,eq𝑃𝑃W �  (4) 
where CPDMS is the SHOC concentration in PDMS at equilibrium and VPDMS the volume of 
PDMS (L). 
Commonly, sorption to glassware is considered negligible and therefore not included in such 
mass balance approaches (ter Laak et al., 2005). This assumption may not be valid for 
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SHOCs given their relatively low aqueous solubilities (Hsieh et al., 2011). The ratio of MG to 
MW is related to the sorption constant between glass and water, KGW (µm3/µm2): 
𝐾𝐾GW = 𝐶𝐶G𝐶𝐶W = 𝑉𝑉W𝐴𝐴G �𝑃𝑃G𝑃𝑃W�  (5) 
where AG is the internal surface area of the glass container or vial (µm2). AG was determined 
using measured internal dimensions and the vial volume calculated with these measured 
dimensions was consistent with the supplier’s reported volume. 
Rearranging equations (4) and (5) and substituting into equation (3), gives: 
𝐾𝐾MO = 𝑉𝑉W𝑚𝑚surf,MO �𝑃𝑃PDMS,t=0𝑃𝑃PDMS,eq . 𝑉𝑉PDMS 𝐾𝐾PDMSw𝑉𝑉W − 𝑉𝑉PDMS 𝐾𝐾PDMSw𝑉𝑉W − 𝐾𝐾GW 𝐴𝐴G𝑉𝑉W∗ − 1� (6) 
Here, 𝑉𝑉W∗  is the volume of surfactant solution expressed in µm3 (to accommodate the units 
of KGW). Masses of SHOCs in the various phases are expressed in ng. Literature values for 
KPDMSw for PCDDs, higher chlorinated PCBs and other PCBs were obtained from Grant et 
al. (2016) and Smedes et al. (2009), respectively. Values of KGW for PCBs were estimated 
from log KGW = 0.94 log KOW - 2.3 (Hsieh et al., 2011). Due to the structural similarities 
between PCBs and PCDDs, surface sorption behaviour is expected to be comparable 
between the compound classes and therefore the same regression model was used to 
derive KGW data for PCDDs. 
When surfactant concentrations exceed the CMC, the mass balance (equation 1) becomes: 
MPDMS,t=0 = MPDMS,eq + MW + MMO + MMI + MG   (7) 
Following a similar derivation as that above for KMO and assuming that the concentration of 
monomers is equal to the CMC when micelles are present in the system, the micelle-water 
partition constant (KMI; L kg-1) is then:  
𝐾𝐾MI = 𝑉𝑉W𝑚𝑚surf,MI �𝑃𝑃PDMS,t=0𝑃𝑃PDMS,eq . 𝑉𝑉PDMS 𝐾𝐾PDMSw𝑉𝑉W − 𝑉𝑉PDMS 𝐾𝐾PDMSw𝑉𝑉W − 𝐾𝐾MO. CMC − 𝐾𝐾GW 𝐴𝐴G𝑉𝑉W∗ − 1�  (8) 
This expression incorporates KMO (equation (6)), and msurf,MI is the mass of surfactant in the 
form of micelles (kg).  
 
3.2.3 Determination of SDS monomer-water and micelle-water partition constants 
The volume ratio VW:VPDMS was adjusted so that MPDMS,eq exceeded instrument detection 
limits, whilst targeting depletion between 20-80% of MPDMS,t=0 according to non-depletion 
criteria for PDMS solid-phase microextraction described by Mayer et al. (2000). 
Silanized vials (21 mL) or non-silanized inserts (270 µL) were used to determine KMO and 
KMI, respectively. PCDD or PCB-loaded fibres with PDMS volumes of 0.39 µL (1 fibre of 1 
cm length) for monomer depletion, and 1.5 or 5.5 µL (2 or 7 fibres of 2 cm length) for micelle 
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depletion were added to each vial. SDS solutions were amended with 25 mg L-1 NaN3 to 
limit biodegradation of surfactants. SDS concentrations ranged from 30-80% of CMC (i.e. 
0.74-2.0 g L-1) for monomer depletion, and 3-7 or 4-7 times above CMC (i.e. 7.4-17 or 9.8-
17 g L-1 for PCDDs and PCBs, respectively) for micelle depletion experiments. Vials were 
filled to maximum volume with SDS solution to minimise headspace and therefore minimize 
surfactant accumulation at the air-water interface (Droge et al., 2007). Consequently, 
significant SHOC losses to surfactants in the surface monolayer were not expected. 
Vials containing PCDD or PCB-loaded fibres and surfactant solutions were placed on an 
orbital shaker (100 rpm, 23 (±1)°C) in the dark. Time series were measured for both PCDDs 
and PCBs to establish time to equilibrium. All partitioning experiments were carried out with 
five replicates for each surfactant concentration and time point. Depleted PDMS fibres were 
rinsed with MilliQ water and dried on a lint-free tissue. Dried fibres were extracted for 24 
hours on an orbital shaker in 270 µL hexane for PCDDs, or 350 µL hexane for PCBs. Based 
on initial investigations, one extraction step was found to be exhaustive (>99% of mass 
recovered). 
In the present study, PCDDs and PCBs were loaded to 66% and <3% of the solubility in 
PDMS of the most hydrophobic congener from each compound group, respectively (PDMS 
solubility: 1.9 mg L-1 for OCDD and 290 mg L-1 for PCB 209 (Grant et al., 2016) – Table 3.1). 
To ensure that experiments performed for mixtures did not result in any artefacts, the 
depletion experiment was repeated with OCDD as an individual compound using the same 
concentration as used in the PCDD mixture (0.7 mg L-1) and an SDS concentration of 12 g 
L-1 (5 times CMC). 
Table: 3.1: Comparison between maximum solubility in PDMS (SPDMS) and swelling loaded 
mass in PDMS for depletion experiments (Mass in fibers). % PDMS solubility shows how 
close to their solubility limit contaminants were loaded into PDMS fibers. 
 
For micelle solutions, losses to glassware were investigated with different surface area to 
volume ratios by repeating the depletion experiment for PCBs in 180 µL silanized and non-
silanized glass inserts with a corresponding PDMS volume of 1.5 µL. SDS solutions 
(including 25 mg L-1 NaN3) ranged from 4-7 times CMC (i.e. 9.8-17 g L-1). A pilot study was 
SPDMS (ng µl
-1) Mass in fibers (ng µl-1) % PDMS solubility 
HxCDD 19.15 1.25 7
HpCDD 9.48 1.27 13
OCDD 1.89 1.24 66
PCB209 294.21 8.27 3
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conducted to confirm that SDS does not partition to PDMS (see Supporting Information (SI) 
Section S1 for details). 
 
3.2.4 Loading of SHOCs to PDMS by solvent swelling 
A recently developed swelling loading method, which was used to ‘super-saturate’ polymers 
with contaminants at concentrations exceeding solubility (Grant et al., 2016), was refined 
and validated to achieve constant and reliable SHOC loading to the PDMS fibres at 
predefined concentrations below their solubility in PDMS. SHOCs are very soluble in 
solvents such as toluene and isooctane, which swell PDMS by up to a factor of 
approximately 1.3 in any one dimension equating to a 2.2-fold increase in volume (Lee et 
al., 2003). During swelling, solutes are transported into the PDMS where they remain after 
solvent evaporation. Whilst PDMS solubility may be exceeded if solution concentrations are 
too high, PDMS solubilities can be readily quantified as recently demonstrated for PCDDs 
and PCBs (Grant et al., 2016). Thus, loaded concentrations in PDMS could be easily and 
precisely controlled to ensure solubility in the depletion vials is not exceeded and 
instrumental detection limits can still be attained (see SI Section S2 for details). Furthermore, 
determination of the apparent SHOC solubility enhancement in surfactant solution may be 
measured at any concentration of the contaminant. 
Fibres were completely submerged in the loading solution of 1.8 mL toluene or isooctane 
containing dilute PCDD (0.7 mg L-1) or PCB (3.5 mg L-1) mixtures and placed onto an orbital 
shaker in an incubator (100 rpm, 23 (±1)°C) for 24 h. Loaded fibres were transferred onto 
lint-free tissue, immediately separated and the solvent allowed to evaporate. Loaded 
concentrations and variability between fibres was quantified by extracting PCDD or PCB-
loaded fibres (n = 9) in 270 µL of hexane for 24 h on an orbital shaker. 
After de-swelling, SHOCs, which are relatively large molecules, may potentially be trapped 
in PDMS, limiting their availability for subsequent dosing and partitioning processes. To 
ensure free partitioning availability of the total mass of loaded analytes, swelling-loaded 
PDMS fibres were depleted separately using a non-swelling (methanol) and a swelling 
(hexane) solvent and the extracted masses compared. For this, PDMS fibres were loaded 
with OCDD (the largest PCDD congener) at a concentration of 2.5 mg L-1, which exceeds 
expected PDMS solubility. Loaded fibres (n=10) were then extracted as pairs in 1.8 mL 
methanol (four times in sequence and extracts combined) or hexane (once) for 24 h on an 
orbital shaker. 
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3.2.5 Chemical analysis 
All extracts were slowly evaporated under a N2 stream to near dryness and reconstituted in 
toluene or isooctane containing quantification standards. PCDDs and PCBs were quantified 
on a HRGC-MS (using a method based on EPA Method 1613) or a HP5890 Gas 
Chromatography Electron Capture Detector (GC-ECD) Series II (DB5 column, 30 m x 0.32 
mm i.d., 0.25 μm film thickness) using a method described previously (Grant et al., 2016). 
Quantification was performed relative to 1,2,3,4,7,8,9-HpCDF and PCB 118 standards for 
PCDDs and PCBs, respectively, using a 5 or 6-point calibration series. Further details are 
given in SI Section S3. 
 
3.3 Results and discussion 
3.3.1 Mass balance and experimental considerations  
Kinetics. Quantification of equilibrium partition constants for SHOCs in aqueous systems 
requires overcoming exceedingly slow kinetics by minimising aqueous volumes. At 
optimised VW:VPDMS ratios of 49:1, 120:1 and 180:1 for SDS micelles, equilibrium was 
reached within 4 and 5 days for PCBs and PCDDs, respectively, including the most 
hydrophobic OCDD (SI Figure S1A). For monomers, the necessarily larger VW:VPDMS ratios 
(54,000:1) and significantly lower surfactant concentration increased equilibration time to 3 
weeks (SI Figure S1B). The significant increase in the equilibration time with lower 
concentrations of SDS illustrates the importance of miniaturising the test system whilst 
ensuring measurable SHOC depletion from the loaded polymer. Given the relatively rapid 
degradation of many surfactants (Ying, 2006), even with antibacterial additives, minimised 
equilibration times are of particular importance.  
Losses to glassware. Using equation (6), we estimated that 8-26% of the total SHOC mass 
depleted from PDMS in SDS monomer solution was adsorbed onto glass (details in SI 
Section S4). Despite this considerable fraction, the consequent overall impact on KMO was 
relatively low with a reduction of only 0.10 to 0.16 log units. Literature KGW data used in 
equation (6) were determined with non-silanized glassware (Hsieh et al., 2011), whereas 
the vials in the present study were silanized. To assess the effect of silanization on KGW, we 
compared the depletion of three test SHOCs from loaded PDMS fibres to aqueous solutions 
in both silanized and non-silanized vials (SI Section S5). For non-silanized glass, our 
experimental data (log KGW 5.08, 5.16 and 5.34 for HxCDD, HpCDD and OCDD respectively) 
agreed well with predicted data based on the log KGW-log KOW relationship reported by Hsieh 
et al. (2011) (log KGW 4.69, 4.96, 5.42 respectively; SI Table S3). By comparison, KGW for 
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the three SHOCs tested was lower (on average 0.77 log units) for silanized glassware (SI 
Figure S2). However, the reduced losses in silanized vials result in only up to <0.16 log units 
higher KMO values, which is within expected experimental variability for measured partition 
constants for highly hydrophobic compounds (DiFilippo and Eganhouse, 2010). 
Consequently, the KGW values used in this study (Table 3.2) were based on the more 
comprehensive data set using non-silanized glassware by Hsieh et al., (2011). 
While not investigated with monomers, KMI did not differ between 180 µL silanized and non-
silanized vials (0.001-0.04 log units difference; SI Figure S2), suggesting that silanization 
has negligible effect on SHOC sorption to glass at concentrations exceeding CMC. Similar 
findings were reported for less hydrophobic compounds, benzo[a]pyrene and tetra- and 
hexachlorobiphenyls in aqueous solution (Yang et al., 2007). For micelles, VW was 
approximately two orders of magnitude smaller than for monomers, and higher losses to 
glassware may be expected at this higher glass surface area to water volume ratio. 
However, estimated SHOC losses to glassware in SDS micelle solution (0.07 to 0.17%) 
were considerably lower than in monomer solution. This is due to the higher sorptive 
capacity of micelles for SHOCs (as a % of the total equilibrium mass) compared to 
monomers. At high surfactant concentrations, therefore, substantial contaminant losses to 
glassware as reported for pure water depletion systems, e.g. KPDMSw (Hsieh et al., 2011), 
were not observed in the presence of surfactants, and the glassware effect was, overall, well 
within the variability of reported partitioning values to dissolved phases for SHOCs 
(Burkhard, 2000). 
Polymer loading of SHOC mixtures. Loading of SHOCs to PDMS via swelling in solvent was 
highly reproducible (6.9-8.2% and 4.5–10% RSD for PCDDs and PCBs, respectively; SI 
Table S4) and completed in <24 hours. The consistency of the PDMS concentrations 
achieved via swelling (SI Table S4) further demonstrates that this technique is largely 
independent of an analyte’s physico-chemical properties. In comparison, partitioning based 
loading methods (e.g. using methanol-water) require several days to achieve sufficiently 
high mass loading which is compound specific depending on the analyte’s relative affinities 
for the solvent and the polymer. Furthermore, reproducibility of partitioning-based loading 
methods is poor for SHOCs; for example, variability of loaded BDE209 was reportedly 
>40% RSD (Endo et al., 2013).  
Modelled SHOC masses loaded to PDMS based on measured swelling ratios for the 
respective loading solvent were 85-117% of experimentally derived values (see SI Section 
S2). Therefore, if the swelling ratio for the solvent is known (Lee et al., 2003), the 
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concentration of SHOCs loaded to the polymer can be controlled to meet criteria such as 
solubility in the polymeric phase as well as instrumental detection limits. 
Previous studies have ensured chemical loading remains below 10% of their PDMS 
solubility to avoid potential mixture effects near saturation levels (Mayer et al., 2000). For 
SHOCs however, the need for minimised aqueous volumes requires considerably higher 
PDMS loading to reliably quantify SHOC depletion. We found that OCDD depletion was 
similar when loaded near its PDMS solubility as an individual congener (58% depleted from 
initial loaded mass, n=5, 6% RSD) and in a PCDD mixture containing five congeners at 
similar concentrations (58% depleted from initial loaded mass, n=5, 4% RSD), thus 
confirming the absence of mixture effects. Furthermore, the depleted mass of OCDD loaded 
above PDMS solubility was almost identical using a swelling solvent (hexane: mean 
extracted mass 3.4 ng, n=5, 6.2% RSD) compared to a non-swelling solvent (methanol: 
mean extracted mass 3.6 ng, n=5, 8.2% RSD). Swelling therefore does not impact the 
subsequent availability of analytes for partitioning and passive dosing experiments. Overall, 
the results demonstrate that the swelling method represents a simple, rapid and robust 
approach to accurately and reproducibly loading masses of SHOC mixtures to PDMS. Apart 
from application for the quantification of Kdissolved phase-water values, this loading method would 
also be advantageous for other applications such as passive dosing in toxicological 
investigations. 
 
3.3.2 KMI and method performance  
Log KMI data ranged from 5.2-7.0 for tetra- to decachlorinated PCB congeners (log KOW 5.8-
8.2) and from 6.6-7.5 for tetra- to octachlorinated PCDDs (log KOW 6.9-8.3) (all values are 
corrected for losses to glassware, equation 8; Table 3.2), and could be determined fairly 
precisely (5-13% RSD for PCBs and 6-10% for PCDDs). Calculated KMI values were within 
0.09 log units on average (range 0.06-0.17) across the different SDS micelle concentrations 
(4-7 times CMC for PCBs and 3-7 times CMC for PCDDs) (Table 3.2). This is consistent 
with previous studies on moderately hydrophobic compounds where KMI was shown to be 
independent of micelle concentrations (Park and Jaffé, 1993).  
For PCDDs and PCBs with similar hydrophobicity, log KMI values were almost identical 
(Figure 3.2), which is consistent with the predominantly van der Waals interactions of these 
two compound classes with surfactant micelles. Log KMI increased linearly with increasing 
log KOW for both PCBs (log KMI = 0.76 log KOW + 0.88, r2 = 0.96) and PCDDs (log KMI = 0.66 
log KOW + 1.99, r2 = 0.99). These relationships are comparable to those reported for more 
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polar and moderately hydrophobic compounds based on both measured data and values 
predicted on the basis of thermodynamic considerations (Figure 3.2). Although very few data 
exist for SHOCs, for the most hydrophobic PCBs, Dulfer et al. (1995) previously reported a 
flattening of the log KMI-log KOW relationship (SI Figure S4). The authors suggested that the 
hydration of the polar palisade layer of the SDS micelles may have a greater effect shielding 
the hydrophobic core for the more hydrophobic compounds. However, a flattening of the 
relationship between partition constants involving aqueous phases with increasing 
hydrophobicity may also be the result of experimental artefacts (Burkhard, 2000). A direct 
comparison to our data shows that the KMI determined by Dulfer et al. (1995) agree 
reasonably well for the less hydrophobic PCBs (SI Figure S4). However, for the most 
hydrophobic PCBs (log KOW >7.2), our KMI values closely followed the relationship for lower 
chlorinated congeners and no pronounced flattening of the log KMI-log KOW relationship was 
observed for PCBs or PCDDs. The differences in KMI for the most hydrophobic congeners 
may be due to complete equilibrium not being reached due to the relatively slow kinetics of 
highly hydrophobic congeners in the larger test systems used by Dulfer et al. (1995). 
Table 3.2: Determined partition constants between SDS and water for SDS monomers (log 
KMO; PCDDs) and micelles (log KMI; PCDDs and PCBs) (this study), as well as predicted 
data for KMO (for PCBs, based on results of this study) and literature data for KOW, KPDMSw 
and KGW. %RSD was applied to unlogged KMO and KMI data.  
a Data from Åberg et al. (2008) for all PCDDs except PnCDD. Log KOW for 1,2,3,7,8-PnCDD 
is the average of all data reported by Mackay et al. (2006); b Hawker and Connell (1988); c 
Grant et al. (2016); d Smedes et al. (2009); e Predicted from log KGW-log KOW relationship 
logK OW logK PDMSw logK GW (µm
3/µm2)e
Average (range 
for 0.3-0.8 CMC) % RSD
Average (range 
for 3 or 4-7 CMC) % RSD
2,3,7,8-TCDD 6.88a 6.00c 4.07 3.98 (3.83-4.10) 29% 6.58 (6.54-6.65) 10%
1,2,3,7,8-PnCDD 7.06a 6.14c 4.24 4.02 (3.86-4.14) 32% 6.65 (6.61-6.67) 6%
1,2,3,4,7,8-HxCDD 7.54a 6.45c 4.69 4.18 (4.08-4.24) 26% 7.03 (6.97-7.08) 9%
1,2,3,4,6,7,8-HpCDD 7.83a 6.69c 4.96 4.51 (4.35-4.60) 51% 7.13 (7.10-7.20) 8%
OCDD 8.32a 7.11c 5.42 5.15 (5.07-5.21) 37% 7.54 (7.50-7.61) 9%
PCB104 5.81b 5.49d 3.08 2.55f 5.16 (5.07-5.24) 13%
PCB 103 6.22b 5.88d 3.46 2.93f 5.54 (5.52-5.59) 5%
PCB 136 6.22b 5.88d 3.46 2.90f 5.51 (5.48-5.55) 7%
PCB 78 6.35b   6.00d 3.58 3.37f 5.98 (5.93-6.00) 8%
PCB 182 7.20b 6.63c 4.37 3.61f 6.23 (6.18-6.27) 9%
PCB 204 7.30b 6.74c 4.47 3.75f 6.37 (6.34-6.40) 7%
PCB 206 8.09b 7.37c 5.20 4.40f 7.02 (6.98-7.07) 9%
PCB 209 8.18b 7.53c 5.29 4.43f 7.04 (6.98-7.09) 13%
logK MO (L kg
-1) logK MI (L kg
-1)
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reported by Hsieh et al. (2011) (see main text); f Predicted from the constant log KMI-log KMO 
ratio for PCDDs (this study, see main text). 
In the present study, low variability between replicates and the overall reproducibility of KMI 
values for PCBs and PCDDs with log KOW values of up to 8.3 indicate the reliability of the 
mass balance method used. PCB log KMI values were also almost identical for the two 
different VW:VPDMS ratios employed (180:1 and 120:1) (0.02-0.13 log units difference; SI 
Figure S3), indicating that the method is independent of the selected experimental set up. 
In addition, since vial surface area to volume ratio increases as vial size decreases (and 
therefore losses to glassware increase with decreasing vial size), identical log KMI values 
across two different vial sizes (180 and 270 µL) suggest that KGW has been appropriately 
incorporated into the mass balance equation to determine KMI. 
 
 
Figure 3.2: Log KMI (solid symbols) and log KMO (open symbols) for PCDDs and PCBs 
determined in this study, compared to literature log KMI and literature log KMO values, as a 
function of hydrophobicity (log KOW). Literature values, associated references and approach 
to conversion of literature data into units of L kg-1 are given in SI Table S5.  
Understanding the uncertainty in KMI values arising from variability in the underlying mass 
balance approach is important. The impact of KMO was found to be relatively low with <0.01 
log unit change in KMI per one log unit change in KMO, even for the most hydrophobic 
congener (OCDD). In contrast, KMI was highly sensitive to KPDMSw with one log unit change 
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in KPDMSw resulting in one log unit change in KMI. Variability in KPDMSw can easily be 
introduced due to experimental challenges when working with SHOCs (e.g. up to 2.3 log 
units for higher chlorinated PCBs (DiFilippo and Eganhouse, 2010) or due to differences in 
PDMS properties (up to 0.4 log units (Reichenberg et al., 2008; ter Laak et al., 2008)). 
Therefore, it is important to recognize that the present method relies on robust KPDMSw data 
that are based on the same type of PDMS. We chose KPDMSw data by Grant et al. (2016) for 
PCDDs and higher chlorinated PCBs (PCBs 182/204/206/209), determined using the same 
PDMS fibres. For the less chlorinated PCBs (PCBs 78/103/104/136), KPDMSw from Smedes 
et al. (2009) were used, where the log KPDMSw-log KOW relationship was consistent with that 
reported by Grant et al. (2016) (SI Figure S5).  
 
3.3.3 SDS monomer-water partition constants (KMO)  
For PCDDs, log KMO ranged from 4.0 for TCDD to 5.2 for OCDD (Table 3.2) after 
incorporating losses to glassware based on predicted KGW data. Among the different 
monomer concentrations (30-80% of CMC), calculated log KMO values were within 0.22 log 
units on average (range 0.14-0.28) indicating that KMO is largely independent of SDS 
monomer concentration. Replicate variability for KMO determination was higher than for 
micelles (average 35% RSD, which translates to an inter-replicate range for log KMO of 
between 0.32 log units (HxCDD; 26% RSD) and 0.70 log units (HpCDD; 51% RSD)). The 
higher KMO variability may be attributed to working with higher SDS solution volumes over 
longer time scales compared to the KMI determination. Furthermore, SHOC losses during 
the extraction process are expected to be higher than in micellar solution as the SHOC mass 
associated with monomers is considerably smaller. Despite this variability, as for KMI, a clear 
linear increase in average log KMO with hydrophobicity was observed (Figure 3.2), and the 
difference between KMI and KMO was approximately 2.6 log units for each PCDD congener. 
Although few studies have quantified KMO, a similar difference of 2.7 log units was reported 
for the less hydrophobic DDT with SDS monomers and micelles (Kile and Chiou, 1989).  
In contrast to PCDDs, the sorptive capacity of SDS micelles for PCBs was lower than the 
sorptive capacity of PDMS (SI Figure S6). Hence, to achieve similar depletion for the two 
compound groups, our experimental test system required a substantially higher VW to VPDMS 
ratio for PCBs. Based on the lowest PDMS volume that can be reliably reproduced for test 
fibres (approximately 0.39 µL), we estimated that an SDS solution volume of 280 mL, i.e. a 
VW:VPDMS ratio 13 times higher than for PCDDs, would be needed to achieve PCB depletion 
close to 50%. At these volumes, the time to equilibrium, associated surfactant degradation 
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and potential losses to glassware are expected to result in considerable variability and 
uncertainty and did not allow for robust empirical measures of KMO for PCBs. Hence, the 
utility of our method to determine Kdissolved phase-water relies on low solubility of the solutes in 
the polymer relative to the dissolved phase. Polymers other than PDMS, such as plastic 
polyoxymethylene, which has a lower Kpolymer-water value than PDMS, may therefore be more 
suitable for PCB partitioning to SDS monomers.  
Because of these limitations, we estimated KMO for PCBs assuming a constant log KMI-log 
KMO difference as found for PCDD congeners (∆MI-MO = 2.6 log units) (Figure 3.2; Table 3.2). 
This was based on the assumption that the relative partitioning of PCDDs and PCBs to 
surfactant monomers and micelles is similar between the compound classes due to their 
structural similarities. 
Enhanced apparent solubilisation of hydrophobic organic contaminants below CMC has 
been described previously (Kile and Chiou, 1989; Edwards et al., 1991; Jafvert et al., 1994); 
however, several different mechanisms have been proposed to explain the association 
between HOCs/SHOCs and surfactant monomers. These include (i) a partitioning-like 
process of SHOCs between water and the non-polar moiety of the monomer, similar to the 
enhancement effect caused by dissolved humic materials in natural waters; (ii) a co- or 
mixed-solvent effect, as described by the regular solution theory; and (iii) dimer and trimer 
formation below the CMC understood (Jafvert et al., 1994). Mukerjee (1967) reported an 
equilibrium constant for SDS at approximately 1 mM (12 times lower than CMC) where 
approximately 15% of the SDS monomers may exist as dimers. A more recent study 
supports the formation of loose monomer aggregates below the CMC (Zhong et al., 2015). 
For the present study, we have assumed a partitioning-like process without resolving if the 
SDS is in monomer or dimer form by reporting KMO in units of L kg-1. 
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3.3.4 Implications and relevance 
Figure 3.3: Enhancement in apparent SHOC solubility (compared to aqueous solubility) at 
different SDS concentrations A) below CMC and B) above CMC (PCDD enhancement below 
CMC shown for comparison). In C), the maximum apparent solubility for PCDDs and PCBs 
in water and in an SDS solution at CMC are compared (shown on a log scale). Aqueous 
solubilities are as reported by Grant et al. (2016). 
Partition constants to both surfactant monomers and micelles are key parameters in the 
evaluation of the fate and transport of SHOCs in the subsurface. Based on the KMI and KMO 
values quantified in the present study, we determined apparent solubility enhancement 
ratios, i.e. the relative increase in SHOC capacity compared to pure water when SDS is 
present in an aqueous system compared to the compound’s aqueous solubility, at a range 
of concentrations above and below CMC. The enhancement in apparent solubility was 
compound-specific at all surfactant concentrations and increased with increasing 
hydrophobicity (Figures 3.3A and B). Thus, the mobility of the most hydrophobic SHOCs, 
which in the absence of facilitators are the least mobile in subsurface environments, are 
enhanced to the greatest extent. This is consistent with observations of PCDD profiles 
dominated by only the most hydrophobic congeners (OCDD and HpCDD) at depths of 
several metres in agricultural and other field soils, attributed to long-term facilitated transport 
with surfactants (Grant et al., 2015). 
 
For SHOCs, SDS concentrations at twice the CMC can enhance the apparent solubility of 
these poorly water-soluble compounds by factors of up to approximately 100,000 (Figure 
3.3B). As expected, monomers have much lower capacity to enhance apparent solubility 
compared to micelles. However, apparent solubility enhancement of monomers are 
nevertheless considerable; for example, for OCDD, which has the highest enhancement 
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ratio, apparent solubility was increased up to 200-fold at SDS concentrations up to CMC 
(Figure 3.3A). Such an increase in apparent solubility can be of consequence for biota due 
to the considerably increased bioavailability (Paria, 2008). In the presence of monomers, 
the apparent OCDD solubility could potentially increase to levels commensurate with the 
relatively more soluble PCBs (Figure 3.3C). Subsurface processes related to facilitated 
transport are complex and, in particular, sorption of surfactants to soil are likely to reduce 
the monomer and micelle fraction available for transport (Ying, 2006). However, in light of 
the much longer-term presence of monomers compared to micelles in typical field scenarios 
(i.e. repeated applications at concentrations greater than the CMC and subsequent dilution 
and degradation), monomers may have the potential to be effective long-term facilitators for 
subsurface transport of SHOCs, and their role in facilitated transport in field soils warrants 
further investigation. Direct field evidence for monomer transport, and facilitated processes 
in general, is still lacking, in part due to challenges to retrospectively identify the responsible 
facilitators (Grant et al., 2015). Evaluation of risks associated with micelle and monomer 
transport of SHOCs in field soils therefore requires transport models to be employed. Such 
models rely on robust partitioning data. The approach and method presented here provides 
a first step to addressing the considerable data gaps for SHOC partitioning to monomers 
and micelles of surfactants that are commonly used in agricultural, urban and industrial 
applications. 
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Chapter 4: Monomer-micelle behaviour of an anionic-nonionic surfactant mixture and 
quantification of the partitioning of PCBs and PCDDs to mixed micelles 
In the previous two chapters the methodology to quantify SHOC partitioning to dissolved 
phases was developed and validated for surfactant monomers and micelles. In Chapter 4, 
the method was applied to quantify partition constants in anionic-nonionic surfactant 
mixtures at different ratios to understand more complex systems relevant to facilitated 
transport. Furthermore, potentially relevant surfactant mixture behaviours influencing SHOC 
partitioning were investigated.  
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Abstract 
Surfactant mixtures have the potential to alter the aqueous solubility of super-hydrophobic 
organic contaminants (SHOCs) and therefore provide a means to facilitate SHOC transport 
in the subsurface. A binary anionic (C12-2-LAS)-nonionic (C12EO4) surfactant mixture at 
different molar ratios was investigated with a polymer sorption method and validated with 
surface tensiometry. The critical micelle concentrations (CMCs) of both co-surfactants in the 
mixtures were lower than their CMC in single surfactant solution and was dependent on the 
mixture ratio. Furthermore, the micellisation process in the mixture was observed to follow 
three phases with increasing surfactant concentration: firstly, only mixed surfactant 
monomers, then the first co-surfactant formed monotypic micelles and finally both co-
surfactants formed micelles. The monomer-mixed micelle equilibrium was found to differ 
from the stoichiometric composition which may influence the sorption capacity of the mixed 
micelles. PCDD and PCB partition constants to two C12EO4: C12-2-LAS mixtures were 
quantified (KMI,mix) and found to increase with increasing SHOC hydrophobicity as reported 
in single surfactant solutions. The solubilisation capacity for SHOCs in the single C12-2-LAS 
solution was lower than for the C12EO4 solution, and increased with increasing proportion of 
the nonionic surfactant in the binary surfactant mixtures , i.e. (C12-2-LAS) < (33:66 C12EO4: 
C12-2-LAS) < (83:17 C12EO4: C12-2-LAS) < (C12EO4). However, the capacity of mixed 
micelles to solubilise SHOCs was found to be at or below that predicted from regular solution 
theory. The results suggest that enhanced SHOC mobility in the subsurface may therefore 
primarily be caused by mixed micelle formation at lower total surfactant concentrations. 
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4.1 Introduction 
The transport of organic contaminants in the subsurface environment can be facilitated by 
surfactants which increase a contaminants’ apparent aqueous solubility (Pennell et al., 
2003; Paria, 2008; Grant et al., 2011). Surfactant micelles are three-dimensional structures 
formed by aggregation of amphiphilic monomers once they reach the critical micelle 
concentration (CMC) (Rubingh, 1979). In these aggregates the hydrophilic groups are 
oriented towards the outer surface, shielding a hydrophobic core that provides an attractive 
partitioning medium for hydrophobic contaminants (Jafvert et al., 1994). Partitioned 
contaminants can thus be co-transported through the subsurface in soil water. The more 
hydrophobic (typically least mobile) contaminants are most readily solubilised by surfactant 
micelles, and therefore have the highest potential for facilitated transport (Schacht et al., 
2016). This includes persistent, bioaccumulative and toxic compounds such as super-
hydrophobic (log KOW > 6) congeners of polychlorinated dibenzo-p-dioxins (PCDDs) and 
polychlorinated biphenyls (PCBs) that are hazardous to the environment and human health.  
Surfactants can be released to the environment both intentionally and unintentionally, e.g. 
with pesticide formulations or irrigation waters and biosolids applied to agricultural land. In 
most cases, mixtures of different surfactant types will occur and micelles comprised of 
monomers from multiple surfactant types can form. Such mixed micelles have been shown 
to have different physico-chemical properties compared to the single component surfactants 
(Rubingh, 1979; Scamehorn, 1986; Holland and Rubingh, 1992) and are not necessarily 
described by ideal mixing and a simple linear relationship based on their mole fractions 
(Bergström and Eriksson, 2000). Rather, synergistic interactions are often reported, 
whereby interfacial properties of the surfactant mixture are more pronounced than those of 
the single components by themselves (Rosen and Kunjappu, 2012). Lower CMCs 
(Scamehorn et al., 1982) and higher cloud points (Zhou and Zhu, 2004) in particular have 
been reported for micelles formed in nonionic-anionic surfactant mixtures. This increases 
their solubilisation capacity, as well as affording a broader applicability over a wider range 
of temperature and salinity, which is advantageous for remediation of contaminated soils 
where surfactant mixtures are commonly used (Mulligan et al., 2001; Zhu and Feng, 2003; 
Zhou and Zhu, 2005; Yuan et al., 2007). Apart from commercial uses for soil remediation, 
mixtures of anionic and nonionic surfactants are also common in detergent formulations and 
constitute an important source of inadvertent environmental release in urban, agricultural 
and industrial sites (Jadidi et al., 2013). However, surfactant facilitated transport (SFT) of 
contaminants, particularly super-hydrophobic organic contaminants (SHOCs), associated 
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with such inadvertent releases has received comparatively little attention. In addition, 
experimental approaches on determining the physico-chemical properties of surfactant 
mixtures are sparse, and the partitioning of SHOCs to mixed surfactant micelles (KMI,mix) has 
not yet been quantified. Consequently, predicting mixture SFT and evaluating the associated 
risks of off-site transport and subsurface storage of SHOCs is not possible to date.   
The extent to which any given SHOC partitions to a surfactant phase is governed by the 
physico-chemical properties of the SHOC (e.g. hydrophobicity, size), as well as those of the 
surfactant (e.g. CMC, micelle size) (Wang and Keller, 2009). Only a limited number of 
studies have investigated enhanced apparent solubility of moderately hydrophobic PAHs, 
HCB and some pesticides in surfactant mixtures compared to the single surfactants (Yuan 
et al., 2007; Sales et al., 2011; Galán-Jiménez et al., 2015), and the potential impact of 
anionic-nonionic surfactant mixtures on contaminant partitioning due to changes in the 
micelle composition over ambient concentration ranges has not been investigated. 
Furthermore, partition experiments involving mixed micelles have previously been 
performed only at contaminants’ maximum solubility in surfactant solutions which may 
explain mixture effects, e.g., co-solubilisation, reported recently for PAH mixtures (Liang et 
al., 2016).  
Here, we employ a polymer-based technique previously validated for single surfactant 
systems to determine surfactant monomer-micelle equilibria and CMC of each co-surfactant 
in a binary anionic-nonionic surfactant mixture.  Quantifying the monomer concentrations of 
each co-surfactant in a mixture informs on the composition of the mixed micelle phase. We 
then use a polymer depletion method to quantify the partition constants of a range of SHOCs 
to single and mixed surfactant micelles, and developed quantitative relationships between 
KOW and mixed micelle-water partition constants, KMI,mix.  
 
4.2 Material and Methods 
4.2.1 Materials 
Five PCDD standards  (2,3,7,8-TCDD, 1,2,3,7,8-PeCDD, 1,2,3,4,7,8-HxCDD, 1,2,3,4,6,7,8-
HpCDD and OCDD; 5 mg L-1 for each in toluene) and eight individual PCB congeners (# 78, 
103, 104, 136, 182, 204, 206 and 209; 35 mg L-1 for each congener in isooctane) were 
purchased from AccuStandard (New Haven, USA). PCDDs and PCBs were diluted and 
combined in toluene containing 0.7 and 1 mg L-1 of each congener, respectively. Internal 
standards (1,2,3,4,6,7,8-HpCDF (50 mg L-1 in toluene) and PCB 118 (solid, dissolved in 
toluene to achieve a concentration of 2 mg L-1) were purchased from Cambridge Isotopes 
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Laboratory (Andover, USA) and AccuStandard, respectively. The alkyl benzene sulfonic 
acid, 4-(2-dodecyl)benzene sulfonate (C12-2-LAS; ≥97% purity) was synthesized as sodium 
salt by (Zhu et al., 1998). The nonionic alcohol ethoxylate surfactant, tetraethylene glycol 
monododecyl ether (C12EO4; ≥98% purity) was obtained from Sigma Aldrich (Sydney, 
Australia).  
Glass fibres of 200 µm diameter coated with 50 µm poly(dimethylsiloxane) (PDMS) were 
obtained from Fiberguide Industries Inc (Stirling, USA). Fibres were cut to lengths of 1.0, 2.0 
or 4.0 cm (affording volumes of 0.39, 0.78 or 1.56 µL PDMS, respectively), washed in MilliQ 
water and dried. Fibres were subsequently extracted in hexane for 24 h on an orbital shaker 
to remove PDMS oligomers (Lee et al., 2003), weighed using a Mettler microbalance, and 
stored in methanol. The % RSD (relative standard deviation) between fibre masses of a 
given length within each experiment was <2%.  
Glass fibres of 111 µm diameter coated with 9 μm polyacrylate (PA) were obtained from 
Polymicro Industries (Phoenix, AZ), cut to 4.0 cm lengths (affording 0.13 µL PA), conditioned 
at 120°C for 16 h under a nitrogen flow following the method reported by Rico-Rico et al. 
(2009) and subsequently stored in MilliQ water until further use.  
Sodium azide and ammonium acetate were purchased from Sigma-Aldrich (Sydney, 
Australia). Ultrapure water was prepared using a Millipore water purification system (Merck 
Millipore, Kilsyth, Australia). All solvents were of analytical grade. 
 
4.2.2 Determination of CMC of surfactants and their mixtures using polymer-water sorption 
isotherms 
Polymer-water sorption isotherms for surfactants have previously been used to determine 
the CMC values of surfactants, with the CMC denoted by the inflection point of the isotherm 
(Droge et al., 2007). Both C12EO4 and C12-2-LAS partition (in measurable quantities) to PA; 
however, only C12EO4 (and not C12-2-LAS, <0.01% in PDMS, Supporting Information (SI) 
Table S1) partitions to PDMS. The equilibrium distribution of C12EO4 and C12-2-LAS between 
PA fibres and water, and C12EO4 between PDMS fibres and water, was measured both as 
solutions of single surfactants and in binary mixtures over a range of concentrations (from 
below to above the expected CMC values) (Droge et al., 2007; Haftka et al., 2016). Using 
the two different polymers allowed us to assess the potential for mixture effects on C12EO4 
CMC when both co-surfactants in the binary mixture partition to a polymer (PA) compared 
to when only C12EO4 partitions to a polymer (PDMS).  
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Stock solutions of single surfactants (C12EO4 and C12-2-LAS; 690 and 1,435 µM, 
respectively) were prepared and diluted to give a series of 8 concentrations (7 to 690 µM for 
C12EO4 and 7 to 1,435 µM for C12-2-LAS). Mixtures of C12EO4: C12-2-LAS with mass ratios 
of 17:83; 33:67, 50:50, 67:33 and 83:17 (at a total surfactant concentration of around 2,800 
µM) were also prepared and diluted to give 13 concentrations for each of these five 
surfactant mixture ratios – see SI Table S2. 
Due to the known dependency of the polymer-water distribution of ionic surfactants on pH 
and ionic strength (e.g. divalent inorganic cations) of the medium (Haftka et al., 2015), the 
solutions were prepared in pH 7 buffered MilliQ water with 5 mM potassium phosphate. 
Sodium azide was added to all solutions (25 mg L-1) to prevent biodegradation of the 
surfactants.  
Clean 4 cm fibres (1.56 µL PDMS or 0.13 µL PA) were introduced to 24 mL glass vials 
containing surfactant solutions at a given concentration with minimal headspace, and left 
until equilibrium was attained (see below). At equilibrium, surfactant monomers partitioned 
to the polymer were extracted and quantified along with an aliquot of the aqueous solution. 
Further details are given in Supporting Information (SI) Section S1. The selected ratio of 
polymer to water in both the PA and PDMS test systems (>15,000:1) was adjusted so that 
small, but measurable, amounts of surfactant would partition to the polymer compared to 
that remaining in the aqueous phase. Thus at equilibrium the ratio of total surfactant 
(monomers plus micelles) for C12EO4: C12-2-LAS in the aqueous phase was almost identical 
to that in the original mixtures as defined above. 
Preliminary experiments to determine the time to reach equilibrium (teq) and KPDMSw for 
sorption of C12EO4 to PDMS were performed over time at a constant surfactant 
concentration (700 µM). The concentration of C12EO4 in the polymer, Cpolymer, was plotted 
versus the concentration in the aqueous phase, Caq, over time. teq was determined as the 
point where Cpolymer stayed constant. Equilibrium was reached between PDMS and water 
within 24 h (SI Figure S1); all subsequent experiments were run conservatively for a 
minimum of 6 days for both PA and PDMS to ensure equilibrium was attained. KPAseawater as 
well as time teq for C12EO4 and C12-2-LAS in artificial seawater were also determined by 
Droge et al. (2007) or Rico-Rico et al. (2009) respectively. We applied the Setschenow 
constant to convert KPAseawater to fresh water (Ni and Yalkowsky, 2003), KPAw. Reported teq 
for PA-seawater was within the 6 days adopted for the present study. 
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4.2.3 Determination of CMC of surfactants and their mixtures using surface tension 
In addition to determining the CMC using surfactant sorption isotherms to polymers, CMC 
for single surfactants and their mixtures was also measured using the surface tension 
change measured by the Wilhelmy plate (Pt plate) technique at the Chemical Engineering 
Laboratory, The University of Queensland (Nguyen and Nguyen, 2014). To avoid 
contamination due to surfactant adsorption, the plate surface was cleaned with a MilliQ 
water-ethanol wash followed by burning under an alcohol flame before each measurement. 
All experiments were carried out at constant temperature (25 ± 1 °C). Motor speed of 
0.1 mm/s and an immersion depth of the plate of 5 mm was maintained throughout the 
surface tension measurements. 
 
4.2.4 SHOC partitioning to single surfactants and their mixtures 
A recently reported polymer-depletion method was used to quantify the micelle-water 
partition constant (KMI) of SHOCs for C12EO4 and C12-2-LAS, both as single surfactants and 
as mixtures (KMI,mix) (Schacht et al., 2016). In brief, SHOCs were loaded to 1 or 2 cm donor 
PDMS fibres (0.39 or 0.79 µl PDMS, respectively) at predefined concentrations using a 
polymer swelling loading approach (loading solution concentration was 0.7 mg L-1 PCDDs 
and 1 mg L-1 PCBs, to ensure loading below the contaminant’s PDMS solubility, which was 
quantified previously; (Grant et al., 2016)). Donor fibres were then transferred into 360 µl 
inserts filled to maximum volume with surfactant solution. Surfactant solutions were 
prepared as described above in Section 4.2.2. To determine KMI for SHOCs, concentrations 
of surfactant solutions were 717, 1,148, 1,435 and 1,722 µM for C12-2-LAS and 276, 414, 
552 and 690 µM for C12EO4. In addition, for KMI,mix, six different concentrations of C12EO4: 
C12-2-LAS mixtures (208, 277, 693, 1,109, 1,387 and 2,080 µM total surfactant 
concentration) were employed for a mass ratio of 83:17 and six concentrations (212, 283, 
707, 1415, 1697 and 2122 µM total surfactant concentration) for a mass ratio of 33:67. 
Further experimental details are given in SI Section S2. 
As the cloud point for C12-2-LAS is below room temperature, the partition constant 
represents the SHOC partitioning to the surfactant precipitate rather than micelles in single 
C12-2-LAS solution. In mixtures with C12EO4, the cloud point of the mixture is higher and no 
precipitate was observed.     
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4.2.5 Chemical Analysis 
Liquid chromatography-tandem mass spectrometry (LC-MS/MS). 
Surfactant partitioning experiments to PDMS were carried out in Utrecht University and 
analysed on a Perkin Elmer (Norwalk, CT) liquid chromatographic system (PE200 series 
LC) coupled to a triple quadrupole mass spectrometer (MDS Sciex API 3000 MS/MS 
System, Applied Biosystems, Foster City, CA). The analytes were separated with a 
Gracesmart C18 column (150 × 2.1 mm; 5 μm particle size; Grace Discovery Sciences, 
Breda, The Netherlands). The analytes were separated using an isocratic method using 
methanol and water, both containing 10 mM ammonium acetate. The compounds were 
screened by monitoring the mass transitions 325 to 189 (m/z) for C12-2-LAS and 381 to 89 
(m/z) for C12EO4. 
Surfactants partitioned to PA were quantified at The University of Queensland on an 
AB/Sciex API 5500 QTrap mass spectrometer (AB/Sciex, Concord, Ontario, Canada) with 
an electrospray ionization (ESI) interface coupled to a Shimadzu Nexera HPLC system 
(Shimadzu Corp., Kyoto, Japan) operated in positive and negative ionization mode. 
Separation was achieved on a Kinetex C18 EVO column (50 x 2.1 mm, 1.7 µm particle size, 
Phenomenex, Aschaffenburg, Germany). The analytes were separated using an isocratic 
method using methanol and water, both containing 10 mM ammonium acetate. The 
compounds were screened by monitoring the mass transition 325 to 183 (m/z) for C12-2-
LAS and 363 to 89 (m/z) for C12EO4. 
High resolution gas chromatography-mass spectrometry (GC-HRMS).  
All SHOC extracts from PDMS were slowly evaporated under a N2 stream to near dryness, 
reconstituted in toluene containing quantification standards (1,2,3,4,7,8,9-HpCDF and PCB-
118) and analysed on a GC-HRMS (using a method based on EPA Method 1613) as 
described previously (Schacht et al. 2016). Quantification of PCDDs and PCBs was 
performed relative to their respective quantification standards, using an 8-point calibration 
series. Further details are given in SI Section S3. 
 
4.3 Results and discussion 
4.3.1 Polymer-water isotherms and CMC of co-surfactants within a binary mixture 
The use of techniques such as surface tensiometry, fluorescence spectroscopy, NMR and 
electrical conductivity to measure the CMC values of single surfactants or mixtures is well 
established (Lu et al., 2012). The CMC has been defined as the surfactant concentration at 
which an experimentally measured solution property shows a sharp transition in behavior 
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(Nagarajan and Wang, 1996). For surfactant mixtures, these methods can measure the 
properties of the mixture (e.g. the combined change in surface tension as the surfactant 
mixture concentration increases) to define a combined mixture CMC (CMCMix). However, 
these methods cannot be applied to characterize the behavior of the individual co-
surfactants within the mixture. Recently, a technique involving surfactant sorption to 
polymers for measuring CMCs of a range of single surfactant types was extended to a 
mixture comprised of nonionic alcohol ethoxylates with different hydrocarbon chain length 
(Haftka et al., 2016). This technique has not been previously investigated for mixtures of 
different surfactant types where mixed micelles are expected to form (Haftka et al., 2016) 
and was applied here to model ionic-nonionic mixtures for the first time. This polymer-based 
approach was also used to quantify the concentration of each co-surfactant in the mixed 
micelle phase which is required for determination of KMI,mix. 
In a single surfactant system at equilibrium, the measured concentration of the surfactant in 
the polymer is proportional to its aqueous monomer concentration (related by the polymer-
water partition constant, Kpolymer-water). Above the CMC, the aqueous monomer concentration 
(and therefore also the polymer concentration) remain constant and the CMC is defined as 
the point where the polymer-water isotherm slope changes. In a surfactant mixture, the 
measured concentrations of the individual co-surfactants partitioned to a polymer can 
therefore be used to quantify the amount of aqueous monomers and the point at which each 
co-surfactant starts forming micelles (i.e., the co-surfactant CMC). The equilibrium ratio of 
monomers: micelles for each co-surfactant can then be quantified at each surfactant mixture 
concentration.  
The surfactant monomer sorption isotherms for C12EO4 and C12-2-LAS to the polymer 
polyacrylate (PA), either as single surfactant solutions or as individual co-surfactants in 
binary mixtures, were plotted on a log-log basis (Figure 4.1). The isotherms displayed a 
similar pattern for both surfactants, either singly or in mixtures, following a log-log linear 
relationship with increasing concentration until an inflection occurs beyond which the 
monomer concentration in the polymer levels out or slightly decreases with further increases 
in total surfactant concentration. Similar isotherms have previously been reported by Droge 
et al. (2007) and Rico-Rico et al. (2009). The CMCs for the single surfactants and individual 
co-surfactants in the mixtures were derived from the intersection of log-log regression lines. 
In the surfactant mixtures, this sharp break in the relationship was observed for both co-
surfactants, but at different total surfactant concentrations, i.e. two individual CMCs were 
measured for a binary mixture; e.g. for the 83:17 mixture of C12EO4: C12-2-LAS, the CMC 
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was 31 µM for C12EO4 (Figure 4.1A) and 48 µM for C12-2-LAS (Figure 4.1B). The point at 
which each co-surfactant started forming micelles was observed to be dependent on the 
mixture ratio. When the amount of C12EO4 in the mixture decreased from 83% to 33%, its 
CMC decreased to 9 µM (Figure 4.1A), and when C12-2-LAS increased to 67%, its CMC 
increased to 56 µM (Figure 1B). For both co-surfactants, the concentration at which they 
started forming micelles in the mixture was always lower than their CMC as single 
surfactants (Figure 4.1). This phenomenon indicates non-ideal mixing behaviour, similar to 
that described for other surfactant mixtures (Rubingh, 1979; Scamehorn et al., 1982). 
Figure 4.1: Surfactant monomer concentration partitioned to PA for (A) C12EO4 and (B) C12-
2-LAS both in solutions as single surfactants and as individual co-surfactants in binary 
mixtures plotted against the respective surfactant concentration in the aqueous phase. (C) 
C12EO4 monomer concentrations partitioned to PDMS and in aqueous solution with 
increasing C12-2-LAS proportions in the binary mixtures. All axes shown on a log scale. 
Below the CMC, the sorption isotherms for both C12EO4 and C12-2-LAS in the binary mixture 
follow a similar log-log linear relationship to their respective single surfactant isotherms (e.g. 
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isotherms below CMC overlay in Figure 4.1A). A slightly different slope for the 17% C12-2-
LAS (green triangles, Figure 4.1B) may be due to a higher experimental variability at low 
C12-2-LAS concentrations. For C12EO4 as single components or as co-surfactants in binary 
solutions, the relationship between the concentrations in the polymer was approximately 
linear with the concentration in the aqueous phase (nonlinearity constant, N, in fitted 
Freundlich isotherm > 0.96) and therefore the nonionic surfactant can be considered to be 
partitioning to PA with a log KPA-w of 3.46. The K value is consistent with a previously reported 
KPA-w of 3.32 when employing a thicker PA fibre coating compared to our study (Haftka et 
al., 2016). C12-2-LAS on the other hand showed nonlinear sorption between the 
concentration in PA and the aqueous concentration (nonlinearity constant, N, in fitted 
Freundlich isotherm 0.70). Identical fitted Freundlich isotherms were observed for single C12-
2-LAS and 67% C12-2-LAS with a Kf of 2.4. Our results suggest that no sorption interaction 
between surfactants, e.g. occurrence of sorption mixture effects, is expected. 
To ensure that the monomer partitioning behaviour is not dependent on the polymer type, 
the partitioning of C12EO4 in a C12EO4-C12-2-LAS binary mixture was also investigated with 
a second polymer over a range of different mixture ratios at the same total surfactant 
concentrations. For this, PDMS was selected as alcohol ethoxylate monomers were found 
to partition to PDMS in a screening experiment (data not shown). PDMS isotherms followed 
a similar trend to those observed for PA (Figure 4.1A compared to 4.1C). The isotherms for 
C12EO4 as co-surfactants in mixtures overlapped with those of single C12EO4 solution, 
following an approximately linear relationship with its aqueous concentration (N = 0.99) and 
resulting in a log KPDMS-w of 1.62. As for PA, with increasing concentration of C12-2-LAS in 
the mixture ratio, the CMC of C12EO4 became smaller (Figure 4.1C). Furthermore, the CMCs 
of C12EO4 determined with both polymers showed good agreement, therefore competition 
effects between the surfactants when both co-surfactants partitioned to PA were excluded.   
For the mixture with the lower proportion of nonionic surfactant, i.e. the 33:67 C12EO4: C12-
2-LAS molar ratio mixture, CPA for C12EO4 decreased as the absolute concentration of the 
nonionic surfactant increased above the CMC (Figure 4.1A). This was also observed with 
PDMS (Figure 4.1C) and the amount that the concentration in the polymer decreased above 
CMC varied with the proportion of C12EO4 in the mixture (the decrease in CPDMS was more 
pronounced at lower percentages of C12EO4). Haftka et al. (2016) observed a similar 
behaviour for a nonionic surfactant mixture with different chain length (C10EO4 and C12EO4). 
Furthermore, the C12EO4 isotherms appear to level out once C12-2-LAS starts forming 
micelles (at which point the monomer concentration stops increasing) (Figure 4.1C). 
Furthermore, the effect on C12EO4 partitioning above CMC is highest when the proportion 
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of C12-2-LAS is highest in the mixture (Figure 4.1C) which is when the solution properties 
would be expected to be impacted the greatest. 
 
4.3.2 CMC of the binary surfactant mixtures (CMCMix) 
The CMC has been defined as the concentration at which the process of micelle association 
begins (Garcia-Mateos et al., 1990). In the present study, the CMCMix of the binary mixture 
was determined as the lowest concentration where one of the co-surfactants (C12EO4) 
exhibits a deviation from the linear sorption isotherms, i.e. starts forming micelles (Figure 
4.2). For validation, we also determined the combined mixture CMC, using surface tension 
measurements (CMCMix-tensiometer). The single (i.e. 100%) C12EO4 CMC values measured via 
the polymer isotherm (46 µM) and the tensiometer (45 µM) were virtually identical (± 1%). 
Overlying the PA sorption isotherms of the individual co-surfactants at a given mixture ratio 
with the corresponding surface tension graph, three phases in the micellisation process can 
be distinguished (Figure 4.2). In the initial phase, at low total surfactant concentrations below 
CMC, only monomers of the two co-surfactants are in solution (green section). In the second 
phase, a first break in the surface tension curve was observed when the first co-surfactant, 
C12EO4, started forming monotypic micelles (blue section), i.e. none or little of the co-
surfactant is present in the micelles. Similar observations were also reported for a cationic-
nonionic surfactant mixture (Huang and Somasundaran, 1996). Haftka et al,’s, (2016) 
hypothesis explaining the downward trend in their nonionic surfactant mixture with the 
formation of mixed micelles might be valid. However, the co-surfactant is having an effect, 
as the CMC of C12EO4 is lower in the mixture than for the single surfactant. Presumably the 
presence of the co-surfactant changes the nature of the solution e.g. increases the ionic 
strength and increases the driving force for aggregation. A more gradual decrease of the 
surface tension (i.e. additional formation of monotypic micelles) continued until the co-
surfactant (C12-2-LAS) reached CMC. In this third phase, the surface tension measurement 
remained relatively constant. Furthermore, the concentration range over which the 
monotypic micelles are forming was observed to be dependent on the fraction of the co-
surfactant in the mixture. At a higher anionic surfactant fraction, the total surfactant 
concentration range where monotypic micelles formed was considerably wider (compare 
blue sections Figure 4.2B versus 4.2A).   
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Figure 4.2: The three phases of the micellisation process in C12EO4: C12-2-LAS surfactant 
mixtures (green – monomers only; blue – monomers and C12EO4 micelles (see section 
4.3.1); orange – monomers and C12EO4 rich micelles). Lines are only shown as a guide. All 
axes are shown on a log scale. 
Overall, the data of the present study indicates that in binary anionic-nonionic mixtures, 
micelles are generally forming at lower concentrations compared to solutions of the single 
surfactants. For example, with just C12EO4, micelles form at 46 µM, but when C12-2-LAS is 
added, C12EO4 co-surfactant CMC drops to 31 µM (17% C12-2-LAS) and 9 µM (67% C12-2-
LAS) (Figure 4.2). For all mixtures with C12EO4, CMCMix is significantly lower than the CMC 
of the single anionic C12-2-LAS (1,200 µM, (Zhu et al., 1998)). Interestingly, the combined 
CMCMix-tensiometer decreases from 45 µM for 100% C12EO4 to reach a minimum when 67% of 
the mixture is C12EO4 (21 µM) and then continues to rise as the amount of C12EO4 decreases 
(SI Figure S2). Commercial mixtures involving these two surfactants would therefore be 
expected to have lower CMC values. This situation may also be applicable to, for example, 
mixtures involving Brij 30 (which includes C12EO4 and other ethoxymers with different chain 
length) and a commercial LAS solution.  Similar findings for commercial mixtures anionic-
nonionic mixtures have been reported in the literature (Zhou and Zhu, 2004; Zhao et al., 
2006). 
 
4.3.3 Micellar composition of surfactant mixtures 
In surfactant mixtures with non-ideal behaviour the mixed micelle composition is expected 
to be different from the stoichiometric composition (Treiner, 1994). As micelles are in 
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equilibrium with their monomer surfactant molecules, information on the individual co-
surfactant monomer concentrations helps to understand the aggregation behaviour of mixed 
micellar phases. In the present study, the monomer concentrations were observed to differ 
from their stoichiometric composition at and above CMC (SI Figure S3). With an increase in 
the C12-2-LAS fraction this disparity increased, e.g. for the stoichiometric 33% C12EO4: 67% 
C12-2-LAS mixture the actual measured monomer ratio was 15% C12EO4: 88% C12-2-LAS, 
after both co-surfactant CMCs were reached. This means that at high C12-2-LAS fractions 
the micellar phase consists of proportionally more C12EO4. This may be due to its higher 
hydrophobicity compared to the C12-2-LAS co-surfactant.  
Overall, the formation of micelles at lower surfactant concentrations in an anionic-nonionic 
surfactant mixture as well as the composition of the mixed micellar phase may result in a 
change of the solubilisation capacity for SHOCs in comparison to that of the single surfactant 
micelles, as suggested by other authors for less hydrophobic contaminants (Prak and 
Pritchard, 2002; Zhou and Zhu, 2004; Mohamed and Mahfoodh, 2006; Shi et al., 2015). This 
further suggests that nonionic-anionic mixtures may have a greater facilitated transport 
potential of SHOCs compared to the single surfactants alone.  
 
4.3.4 SHOC partitioning to surfactant mixed micelles at different compositions – KMI,mix 
SHOC partition constants to micelles in single surfactant solutions and two binary mixtures 
(83:17 and 33:67 C12EO4: C12-2-LAS) are summarized in Table 4.11. Partition constants 
were found to be constant over all concentration ranges investigated, in both single 
surfactant solutions as well as their binary mixtures. Log KMI for C12EO4 ranged from 6.3-8.1 
for tetra- to decachlorinated PCB congeners and from 7.2-8.1 for tetra- to octachlorinated 
PCDDs. Log KMI for C12-2-LAS were lower, ranging from 5.5-7.5 for PCBs and from 6.5-7.5 
for PCDDs, but showed generally a higher variability (up to 0.9 log unit difference within a 
given concentration) (SI Section S4, Figure S4). For the binary mixtures, KMI,mix ranged from 
5.8 to 7.8 for PCBs and 6.9 to 8.0 PCDDs in the 83:17 C12EO4: C12-2-LAS mix and slightly 
lower (5.8 to 7.7 PCBs and 6.6 to 7.7 for PCDDs) in the 33:67 C12EO4: C12-2-LAS mix (Table 
4.1, Figure 4.3). The relationship of log KMI,mix-log KOW increases linearly with increasing 
SHOC hydrophobicity as observed for the KMI data for single C12EO4 and C12-2-LAS 
solutions. This relationship for single surfactant solutions is consistent with previous 
observations for SHOCs (Schacht et al., 2016), however, KMI,mix values have not been 
reported in the literature previously. 
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Table 4.1: Determined surfactant-water partition constants for PCDDs and PCBs in single 
C12EO4 or C12-2-LAS micelle solutions (log KMI) as well as two binary C12EO4: C12-2-LAS 
mixtures (log KMI,mix) and literature data for log KOW and log KPDMSw. %RSD was applied to 
unlogged partitioning constants. 
a Data from Åberg et al. (2008) for all PCDDs except PnCDD. Log KOW for 1,2,3,7,8-PnCDD 
is the average of all data reported by Mackay et al. (2006); b Hawker and Connell (1988); c 
Grant et al. (2016) determined with the same PDMS fibers as used in this study; d Smedes 
et al. (2009). 
With increasing C12EO4 fraction in the mixture, the partition constants generally increased 
but stayed below the values for single C12EO4 (Figure 4.3). Similar observations, i.e. the 
apparent contaminant solubility in a surfactant mixture is higher than its apparent solubility 
in one of the single surfactants comprising the mixture (in this case, C12-2-LAS), were 
reported previously for PAHs (Yuan et al., 2007) as well as for pesticides (Galán-Jiménez 
et al., 2015). In anionic-nonionic surfactant systems, both for a range of nonionic 
concentrations with constant anionic surfactant (Zhu and Feng, 2003) and changing 
concentrations of both co-surfactants (Shi et al., 2015), synergistic solubilization has also 
been observed. In these cases, the apparent contaminant solubility in the mixture was 
greater than the apparent solubility in either of the single surfactant systems. However, the 
synergisms occurred only at high fractions (≥ 90%) of the surfactant with the higher  
solubilization capacity. We assessed the enhancement or reduction in solubilizing capacity 
of the mixed micelles in our study, compared to the capacity assuming regular solution 
theory, using an approach by Treiner et al. (1988). 
log KOW log KPDMSw C12EO4 % RSD
C12EO4: C12-2-LAS 
83:17 % RSD
C12EO4: C12-2-LAS 
33:67 % RSD C12-2-LAS % RSD
2,3,7,8-TCDD 6.88a 6.00c 7.18 2% 6.85 6% 6.63 7% 6.45 12%
1,2,3,7,8-PnCDD 7.06a 6.14c 6.84 4% 6.59 9% 6.55 13% 6.50 16%
1,2,3,4,7,8-HxCDD 7.54a 6.45c 7.52 4% 7.20 6% 6.92 8% 6.80 17%
1,2,3,4,6,7,8-HpCDD 7.83a 6.69c 7.84 3% 7.55 7% 7.28 12% 7.02 16%
OCDD 8.32a 7.11c 8.07 5% 7.97 8% 7.73 8% 7.45 22%
PCB104 5.81b 5.49d 6.29 12% 5.78 10% 5.80 10% 5.48 19%
PCB 103 6.22b 5.88d 6.69 4% 6.19 12% 6.19 6% 5.89 23%
PCB 136 6.22b 5.88d 6.73 10% 6.25 7% 6.10 7% 5.86 24%
PCB 78 6.35b   6.00d 7.17 7% 6.76 3% 6.65 11% 6.27 9%
PCB 182 7.20b 6.63c 7.47 6% 7.06 12% 6.91 12% 6.60 19%
PCB 204 7.30b 6.74c 7.44 9% 7.15 4% 6.96 8% 6.84 23%
PCB 206 8.09b 7.37c 8.04 5% 7.80 9% 7.72 6% 7.42 18%
PCB 209 8.18b 7.53c 8.06 7% 7.77 5% 7.72 10% 7.49 19%
log KMI (L kg
-1) log KMI,mix (L kg
-1) log KMI (L kg
-1)
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Figure 4.3: Log KMI for PCDDs and PCBs in single C12EO4 or C12-2-LAS and in their binary 
mixtures as a function of contaminant log KOW (a measure of hydrophobicity). The dotted 
line represents the 1:1 line.   
Treiner et al. (1988) suggested that the solute partition constant between micellar and 
aqueous phases in a binary hydrocarbon surfactant mixture can be represented by the 
following relationship based on regular solution theory: ln Kmc,mix = X1m ln Kmc1 + (1 − X1m) ln Kmc2 + BX1m(1 − X1m)     (1) 
where Kmc,mix, Kmc1 and Kmc2 are the ratios of KMI,mix to KMI, expressed as mole fractions of 
the solute in the micelle (for conversion from KMI/MI,mix (L kg-1) to Kmc/mc,mix, see SI Section 
S5). B is an empirical parameter accounting for both the surfactant-surfactant and 
surfactant-solute interactions; when there is no mixing effect on the partitioning of the solute, 
this parameter is expected to be zero. If B is positive, the mixing effect of the surfactants 
enhances the partitioning of the solute in the mixture is synergistic, i.e. KMI,mix is larger than 
predicted by regular solution theory and vice versa. 
For the 33:67 C12EO4: C12-2-LAS mixture used in the present study, the B values for all 
SHOCs cluster around 0 (SI Figure S5). Consequently, the apparent contaminant solubility 
of this surfactant mixture at the described micellar composition appears to be close to the 
predictions by the regular solution theory, i.e. the solubilizing capacity of the mixture is equal 
to the sum of the solubilizing capacities of the individual co-surfactants. In contrast, for the 
83:17 C12EO: C12-2-LAS mixture, the mixing effect of the surfactant mixture on SHOC 
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partitioning is negative. The B values for both PCDDs and PCBs show a comparable trend 
increasing with SHOC hydrophobicity (BPCDDs = 1.6 log KOW – 15; BPCBs = 1.4 log KOW – 14) 
(SI Figure S5). This means that, at higher nonionic surfactant concentrations, the solubilizing 
capacity of the mixture is less than the sum of the solubilizing capacity of the single 
surfactants. However, as SHOC hydrophobicity increases, the solubilisation in surfactant 
mixtures becomes closer to ideal mixing. 
 
4.3.5 Implication and relevance with respect to SFT of SHOCs 
The CMC of surfactant mixtures and the KMI,mix (i.e. change in solubilizing capacity) are key 
parameters in the evaluation of the fate and transport of SHOCs in the subsurface 
environment. Research has found that surfactant mixtures can have a substantial impact on 
contaminant behaviour (Zhu and Feng, 2003; Paria and Yuet, 2006), however, contradictory 
results have been reported. For example, in high volume applications for soil remediation, 
surfactant mixtures have been reported to both enhance and decrease contaminant (mainly 
PAH) solubilisation (Guha et al., 1998; Zhu and Feng, 2003).  
As a result of the lowered CMC in all stoichiometric ratios of the C12EO4: C12-2-LAS mixture 
investigated, the surfactant concentration threshold for micelle formation is lower compared 
to single C12EO4 or C12-2-LAS solutions. Particularly for the anionic surfactant, a large 
decrease in CMC was observed at relatively small nonionic surfactant fractions. Overall, 
however, the results of the present study suggest that the extent to which SHOC facilitated 
transport is enhanced in the environment in the presence of mixtures of anionic-nonionic 
surfactants is dependent on the ratio of the surfactants in the mixture. With relatively high 
proportions of nonionic surfactants, mixtures had no greater solubilizing potential than those 
of the single nonionic surfactant; however, it is important to note that transport may be 
increased solely due to a reduction in CMC (more micelles are formed in the system). In 
contrast, at a high anionic surfactant ratio, the mobility enhancement due to a lower CMC 
may be offset by a reduction in the mixture’s solubilizing capacity. This further suggests that 
previously reported solubility enhancement of hydrophobic contaminants in surfactant 
mixtures applied in soil remediation studies may be primarily due to an increased number of 
micelles present in the system following a decrease in the CMCMix. Due to the propensity of 
diverse surfactant applications and release in urban, agricultural and industrial settings, 
understanding the effects of surfactant mixture and contaminant properties on SFT would 
inform not only surfactant based remediation but provide insight into the potential and often 
unexpected mobility of hydrophobic contaminants in the environment. 
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Chapter5: Behaviour of surfactant-humic acid mixtures and quantification of PCB and 
PCDD partitioning to their mixed micelles 
The mixture complexity from Chapter 4 was developed further in Chapter 5 by introducing a 
model HA to the surfactant mixtures. Interactions between HA and the single surfactants as 
well as in a ternary anionic-nonionic surfactant-HA mixture were investigated and interpreted 
in terms of facilitated transport potential. Furthermore, partition coefficients for SHOCs in the 
mixtures were quantified and the apparent solubility enhancements of the most hydrophobic 
congeners were derived.  
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Abstract 
Soil is a complex environmental matrix that may contain multiple dissolved phases of 
different origin, for example, humic acids (HA) and bio- or commercially introduced 
surfactants. Subsurface transport of super-hydrophobic organic contaminants (SHOCs, log 
KOW > 6) may be enhanced due to interactions with and co-transport with these dissolved 
facilitators in the soil aqueous phase. Surfactants and HA are two key and often co-existing 
facilitators in soils. Their interaction and combined solubilising capacity for SHOCs is, 
however, poorly understood. Surfactant-HA interactions in binary mixtures of HA with either 
anionic (C12-2-LAS) or nonionic (C12EO4) surfactants, as well as a ternary mixture consisting 
of C12EO4 - C12-2-LAS - HA, were investigated using a polymer partitioning approach. The 
CMCs of the co-surfactants in either the binary or the ternary mixture with HA increased with 
increasing HA concentration. Furthermore, monomers of both surfactants associated with 
HA due to hydrophobic interactions. The potential impact of monomer-HA complexes on the 
partitioning behaviour of SHOCs was investigated by quantifying carbon normalised partition 
constants for PCBs and PCDDs in the binary (KMI-DOC) and ternary (KMI,mix-DOC) mixtures. Log 
KMI-DOC for C12EO4 was dependent on the HA concentration, and KMI-DOC decreased with 
increasing HA. In C12-2-LAS-HA mixtures as well as in the ternary mixture log KMI-DOC and 
log KMI,mix-DOC were similar for the different HA concentrations as well as in comparison to 
reported partition constants to single surfactants or HA. The apparent solubility 
enhancement derived from the mixtures compared to the apparent solubility enhancement 
in separate systems was found to be approximately additive. Our study suggests that SHOC 
transport in the subsurface in the presence of surfactants and HA could be predicted with 
relative ease as long as partition constants and the relative concentration of each facilitator 
is known. 
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5.1 Introduction 
Dissolved colloids, which include natural soil organic carbon (OC), biosurfactants and 
commercially introduced surfactants, are ubiquitous in the soil environment. Sorption (in)to 
these colloids can alter the fate and transport of hydrophobic organic contaminants (HOCs) 
by increasing their apparent aqueous solubility (Pennell et al., 2003; Paria, 2008; Grant et 
al., 2011a). Humic acids (HAs) are a specific category of OC that are characterized by, 
amongst other properties, being soluble in water in the pH range of 2-10. Their solubility 
behaviour distinguishes HAs from humins (insoluble) and fulvic acids (soluble at all pH). Due 
to their aqueous solubility, HAs as well as surfactants can easily be transported in the 
aqueous phase through soil and together they may play an important role in the 
solubilisation and distribution of HOCs in such environments (Chiou et al., 1979; Chiou et 
al., 1986; Weber et al., 1992; Huang, 1997; Kilduff and Wigton, 1999; de Jonge et al., 2004; 
McCarthy and McKay, 2004; Cheng and Wong, 2006; Lippold et al., 2008; ter Laak et al., 
2009; Grant et al., 2011b).  
Amphiphilic surfactant monomers begin to cluster together at a surfactant-specific 
concentration (the critical micelle concentration, CMC), forming well structured, three-
dimensional surfactant micelles (Rubingh, 1979). These micelles shield a hydrophobic core 
by organising the hydrophilic groups towards the water phase. Surfactants released to the 
environment via, for example, pesticide formulations or irrigation water, generally occur in 
mixtures (Matthews, 2008; Camacho-Muñoz et al., 2014) which form mixed micelles (e.g. 
comprised of both anionic and non-ionic surfactant monomers). Mixed micelles can behave 
like a new surfactant phase with different physico-chemical properties compared to the 
individual components and thus have changed sorption to soil, CMC, cloud points, as well 
as partitioning of hydrophobic contaminants. Similar to surfactants micelles, humic 
substances have been shown to form supramolecular clusters of relatively small and 
chemically diverse organic molecules (mostly HAs), which are linked by hydrogen bonds 
and hydrophobic interactions (Sutton and Sposito, 2005). The intra- or intermolecular 
organisation in those supramolecular clusters produce interior hydrophobic regions 
separated from the aqueous surroundings by exterior hydrophilic layers (Guetzloff and Rice, 
1994; von Wandruszka, 1998).   
In both surfactant and HA clusters, the hydrophobic pseudo phase provides an attractive 
partitioning medium for hydrophobic contaminants (Kile and Chiou, 1989; Jafvert et al., 
1994; Conte et al., 2005). These complexes can then be transported through the subsurface 
environment and may result in off-site contamination and subsurface storage of hazardous 
Page 104 of 196 
 
chemicals. This is of particular concern in the presence of super-hydrophobic organic 
contaminants (SHOCs, log KOW > 6). Many SHOCs are toxic, bioaccumulative and persistent 
and possess an enhanced transport capacity with facilitators in soil (Schacht et al., 2016). 
Whilst individual surfactants are known potent facilitators, surfactant mixtures have been 
shown to potentially increase SHOC mobility compared to single surfactants (Schacht et al 
- both papers (Pennell et al., 2003; Grant et al., 2011a). Similarly, HAs have been 
demonstrated to have a high solubilisation capacity for HOCs (Huang et al., 2003; Conte et 
al., 2005; Adani et al., 2010). As HAs are present in most soil environments, they would 
therefore be expected to provide additional solubilising capacity for SHOCs at sites where 
surfactants are intentionally or unintentionally released, for example, at agricultural sites. 
Furthermore, if interactions between HA and surfactants occur and mixed HA-surfactant 
complexes form, the solubilising capacity of these complexes may differ to the combined 
solubilising capacity of the individual facilitators.   
Few studies, however, have investigated the interactions between HAs and surfactants 
(either individually or as surfactant mixtures) or their combined solubilising capacity for 
contaminants and where available, the results are not conclusive as to whether interactions 
are occurring or not (Otto et al., 2003; Koopal et al., 2004; Lippold et al., 2008). The impact 
of surfactant-HA mixtures on SHOC partitioning, and hence their facilitated transport 
potential, is unknown. In studies with less hydrophobic contaminants (log KOW < 5.18), 
Lippold et al. (2008) and Cho et al. (2002) reported a decrease in the solubilisation capacity 
of HAs or NOM (natural organic matter) for PAHs when an anionic surfactant (SDS in both 
studies) was added. In contrast, within a nonionic surfactant-HA mixture, an increased 
solubilisation was observed by Cho et al. (2002). All these studies considered binary 
surfactant-HA mixtures. To our knowledge, ternary systems comprising HAs and two 
surfactant types, as typically found in pesticide formulations and other surfactant sources to 
the environment, have not been investigated to date. 
In the present study, we investigated the properties of both binary surfactant-HA mixtures 
and a ternary mixture comprised of anionic and nonionic surfactant and HA, and quantified 
SHOC partitioning to these mixtures. Specifically, we examined the effect of HA on the freely 
dissolved monomer concentration and CMCs of an anionic and a nonionic surfactant as well 
as their mixture. Polychlorinated dibenzo-p-dioxins (PCDD) and polychlorinated biphenyls 
(PCB) partitioning in the surfactant-HA mixtures was quantified to evaluate their contaminant 
solubilisation capacities and their potential for facilitated transport in the subsurface. 
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5.2 Material and Methods: 
5.2.1 Material 
Five PCDD standards (2,3,7,8-TCDD, 1,2,3,7,8-PeCDD, 1,2,3,4,7,8-HxCDD, 1,2,3,4,6,7,8-
HpCDD and OCDD; 5 mg L-1 for each in toluene) and seven individual PCB congeners (# 
78, 103, 104, 136, 182, 204 and 209; 35 mg L-1 for each congener in isooctane) were 
purchased from AccuStandard (New Haven, CT, USA). PCDDs and PCBs were diluted and 
combined in a toluene solution containing 0.7 and 1 mg L-1 of each congener, respectively. 
Internal standards (1,2,3,4,6,7,8-HpCDF (50 mg L-1 in toluene) and PCB 118 (solid, 
dissolved in toluene to achieve a concentration of 2 mg L-1) were purchased from Cambridge 
Isotopes Laboratory (Andover, MA, USA) and AccuStandard, respectively. The anionic alkyl 
benzene sulfonic acid, 4-(2-dodecyl)benzene sulfonate (C12-2-LAS; ≥97% purity) was 
synthesized as sodium salt by Zhu et al. (1998). The nonionic alcohol ethoxylate surfactant, 
tetraethylene glycol monododecyl ether or 3,6,9,12-tetraoxatetracosan-1-ol (C12EO4; ≥98% 
purity), was obtained from Sigma Aldrich (Sydney, Australia). 
Glass fibres of 200 µm diameter coated with 50 µm poly(dimethylsiloxane) (PDMS) were 
obtained from Fibreguide Industries Inc (Stirling, NJ, USA). Fibres were cut to lengths of 1.0 
or 2.0 cm (affording volumes of 0.39 or 0.78 µL PDMS, respectively), washed in MilliQ water 
and air dried. Fibres were subsequently extracted in hexane for 24 h on an orbital shaker to 
remove PDMS oligomers (Lee et al., 2003), weighed using a Mettler microbalance, and then 
stored in methanol. The % RSD (relative standard deviation) between fibre masses of a 
given length within each experiment was <2%.  
Glass fibres of 111 µm diameter coated with 9 μm polyacrylate (PA) were obtained from 
Polymicro Industries (Phoenix, AZ, USA), cut to 4 cm lengths (affording 0.13 µL PA), 
conditioned at 120 °C for 16 h under a nitrogen flow following the method reported by Rico-
Rico et al. (2009) and subsequently stored in MilliQ water until further use.  
Humic acid (sodium salt) (Catalogue number H16572), sodium azide and ammonium 
acetate were purchased from Sigma-Aldrich (Sydney, NSW, Australia). Ultrapure water was 
prepared using a Millipore water purification system (Merck Millipore, Kilsyth, NSW, 
Australia). All solvents were of analytical grade. 
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5.2.2  Determination of CMCs of surfactant mixtures with HA using polymer-water sorption 
isotherms 
Polymer-water sorption isotherms for surfactants and their mixtures have previously been 
used (Chapter 4) to determine the CMC of surfactants with the CMC denoted by the 
inflection point of the isotherm (Droge et al., 2007). Both C12EO4 and C12-2-LAS partition (in 
measurable quantities) to PA. The equilibrium distribution of C12EO4 and C12-2-LAS between 
PA fibres and water in the presence of HA, was measured both as solutions of individual 
surfactants and in a binary surfactant mixture over a range of concentrations (from below to 
above the expected CMC values, Chapter 4). 
Stock solutions of individual surfactants (C12EO4 and C12-2-LAS; 552 and 1,435 µM, 
respectively) with two HA concentrations (either 757 µM (low HA) or 1,735 µM (high HA)) 
were prepared and diluted with a MilliQ-HA solution at the respective low or high HA 
concentration (i.e. HA was at the same concentration in all solutions within each series). 
This afforded in total four series of 9 separate surfactant concentrations (7 to 552 µM for 
C12EO4 and 7 to 1,435 µM for C12-2-LAS). C12EO4: C12-2-LAS mixture with a molar ratio of 
33:67 (at a total surfactant concentration of 2,829 µM and HA concentrations of either 757 
or 1,735 µM) was also prepared and diluted to give two series of 14 concentrations (total 
surfactant concentrations ranged from 3 to 2,829 µM). Further details are given in 
Supporting information (SI) Table S1. 
The polymer-water distribution of ionic surfactants is dependent on pH and ionic strength 
(e.g. divalent inorganic cations) of the medium (Haftka et al., 2015). The pH of a solution is 
also known to alter the speciation of HAs and thereby affect the net charge and partitioning 
ability for HOCs (Feng et al., 2006; Badea et al., 2014). For the present study, the solutions 
were prepared in pH 7 buffered MilliQ water with 5 mM potassium phosphate. Sodium azide 
was added to all solutions (25 mg L-1) to prevent biodegradation of the surfactants.  
Clean 4 cm fibres (0.13 µL PA) were introduced to 24 mL glass vials containing surfactant - 
HA solutions at a given concentration with minimal headspace, to reduce losses through the 
air interface (Droge et al., 2007) and left for 7 days until equilibrium was attained (Chapter 
4). At equilibrium, surfactant monomers sorbed to the polymer were extracted and 
quantified. Surfactant recovery was investigated in Chapter 4. Based on this, we assumed 
that all surfactants not sorbed to the polymer were associated with the aqueous phase and 
its dissolved components. Further details are given in the SI - Section S1. The selected 
volume ratio of polymer to water in the PA test systems (>15,000:1) was adjusted so that 
small, but measurable, amounts of surfactant would partition to the polymer compared to 
Page 107 of 196 
 
that remaining in the aqueous phase. Thus at equilibrium, the ratio of total surfactant 
(monomers plus micelles) for C12EO4: C12-2-LAS in the aqueous phase was almost identical 
to that in the original mixture, i.e. 33:67. 
 
5.2.3  Determination of CMC of surfactant binary and ternary mixtures with HA using surface 
tension 
In addition to determining the CMC using surfactant sorption isotherms to polymers, CMCs 
for binary and ternary surfactant mixtures with HA were also measured via the surface 
tension change as measured by the Wilhelmy plate (Pt plate) as previously described in 
Chapter 4. To avoid contamination due to surfactant adsorption, the plate surface was 
cleaned with a MilliQ water-ethanol wash followed by burning under an alcohol flame before 
each measurement. All experiments were carried out at constant temperature (25 ± 1°C). 
Motor speed of 0.1 mm/s and an immersion depth of the plate of 5 mm was maintained 
throughout the surface tension measurements. 
5.2.4  SHOC partitioning to binary and ternary surfactant-HA mixtures  
The partitioning of SHOCs between HA and water (KHA, in units of Lwater.kgHA-1) was 
normalised to the mass of carbon in HA to report KDOC [Lwater.kgDOC-1 = kgwater.kgDOC-1]. The 
mass of carbon in the HA was determined through combustion analysis to be 42.3% (EPA 
Method: 415.1). The concentration associated with surfactant was also normalised to the 
surfactant carbon content in order to report a carbon based combined HA-surfactant micelle 
partition coefficient (KMI-DOC). 
The polymer-depletion method recently employed in Schacht et al. (2016) was used to 
quantify the SHOC partitioning constants in the surfactant micelles and HA phase for C12EO4 
and C12-2-LAS, both as binary and ternary surfactant-HA mixtures. In brief, SHOCs were 
loaded to 1 or 2 cm donor PDMS fibres (0.39 or 0.79 µl PDMS, respectively) at predefined 
concentrations using a polymer swelling loading approach (loading solution concentration 
was 0.7 mg L-1 PCDDs and 1 mg L-1 PCBs, to ensure loading below the contaminants’ 
PDMS solubility, which was quantified previously (Grant et al., 2016)). Donor fibres were 
then transferred into 360 µl inserts filled to maximum volume with surfactant-HA solution. 
Surfactant-HA solutions were prepared as described above in Section 2.2. To determine 
KMI-DOC for SHOCs, concentrations of surfactant solutions were 287, 717, 1,148 and 1,435 
µM for C12-2-LAS and 207, 276, 414 and 552 µM for C12EO4 with a HA concentration of 757 
or 1,735 µM in the solution. In addition, six different concentrations of C12EO4: C12-2-LAS 
mixtures (33:67 molar ratio and 212, 283, 707, 1,415, 1,697 and 2,122 µM total surfactant 
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concentration with either 757 or 1,735 µM HA) were employed to determine KMImix-DOC. 
Further experimental details are given in SI Sections S2, S3 and SI Figure S1. 
As the cloud point for C12-2-LAS is below room temperature, the partition constant 
represents the SHOC partitioning to the surfactant precipitate and HA rather than micelles 
in pure C12-2-LAS solution. In mixtures with C12EO4, the cloud point is higher and no 
precipitate was observed.     
 
5.2.5 Chemical Analysis 
Liquid chromatography-tandem mass spectrometry (LC-MS/MS).  
Surfactants partitioned to PA were quantified on an AB/Sciex API 5500 QTrap mass 
spectrometer (AB/Sciex, Concord, Ontario, Canada) with an electrospray ionization (ESI) 
interface coupled to a Shimadzu Nexera HPLC system (Shimadzu Corp., Kyoto, Japan) 
operated in positive and negative ionization mode. Separation was achieved on a Kinetex 
C18 EVO column (1.7 µ, 50 mm x 2.1 mm, Phenomenex, Aschaffenburg, Germany). The 
analytes were separated with an isocratic method using methanol and water, both containing 
10 mM ammonium acetate. The compounds were screened by monitoring the mass 
transition 325 to 183 (m/z) for C12-2-LAS and 363 to 89 (m/z) for C12EO4. 
High resolution gas chromatography-mass spectrometry (HRGC-MS).  
All SHOC extracts from PDMS were slowly evaporated under a N2 stream to near dryness, 
then reconstituted in toluene containing quantification standards (1,2,3,4,7,8,9-HpCDF and 
PCB-118) and analysed on a HRGC-MS (using a method based on EPA Method 1613) as 
described previously (Schacht et al. 2016). Quantification of PCDDs and PCBs was 
performed relative to their respective quantification standards, using an 8-point calibration 
series. Further details are given in SI Section S4. 
 
5.3 Results and Discussion 
5.3.1 Polymer-water isotherms and CMC in binary surfactant-HA mixtures 
Recently, we demonstrated that the contribution of single surfactants to mixed micelles can 
be quantified using a polymer sorption method (Chapter 4) and then separately measured 
the CMC of the binary mixture with surface tension measurements for validation. The 
concentration of a surfactant in the polymer at equilibrium is proportional to its aqueous 
monomer concentration (related by the polymer-water partition constant, Kpolymer-water), both 
in single or binary mixture systems. Therefore, changes in the solution properties, e.g. 
surface tension, due to a co-surfactant or another dissolved phase such as HAs can be 
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investigated by quantifying surfactant sorption to the polymer. In this paper, this principle is 
used to evaluate the impact of HA on the surfactant CMC and potential interactions, using 
PA as the polymer phase. 
Sorption isotherms. The surfactant sorption isotherms for the binary mixtures of each 
surfactant with HA all follow an increasing log-log linear relationship below the CMC (Figure 
5.1), consistent with the isotherms for single surfactants (Chapter 4, open circles Figure 5.1). 
Beyond the CMC inflection point (i.e. where the slope changes with further increases in total 
surfactant concentration), the monomer concentration in the polymer generally levelled out. 
The fitted isotherm for C12EO4 monomers in binary solutions with HA followed approximately 
a linear relationship with the surfactant concentration in the aqueous phase (nonlinearity 
constant, N, in fitted Freundlich isotherm, approximately 1 – further detail found in SI Table 
S3). Therefore, the surfactant can be considered to be partitioning to PA. Quantified log KPA-
aqueous phase were 3.09 at low aqueous HA concentration and 2.82 at high aqueous HA 
concentration. In contrast, the fitted isotherm for C12-2-LAS monomer partitioning to PA in 
mixtures with HA showed nonlinearity with increasing aqueous surfactant concentration 
(nonlinearity constant, N, approximately 0.5) and Freundlich fitted Kf of 2.61 and 2.06 in 
mixtures with low and high HA, respectively.  
 
Figure 5.1: Surfactant monomer concentration partitioned to PA in the presence of 757 µM 
or 1,735 µM HA in either C12EO4 (A) or C12-2-LAS solution (B). To compare, surface tension 
measurements for C12EO4 with and without HA are overlaid. Empty circles show literature 
data for C12EO4 or C12-2-LAS partitioning to PA in the absence of HA (Chapter 4) for 
reference.  
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For both surfactants, an increase in the amount of HA in aqueous solution resulted in the 
sorption isotherms shifting downwards (Figure 5.1). As a consequence, the isotherms for 
C12EO4-HA and C12-2-LAS-HA were below their respective individual surfactant isotherms 
(Figure 5.1A and B, respectively). Consistent with this, log KPA-aqueous phase for the nonionic 
surfactant C12EO4 was found to decrease with an increasing amount of HA in the system; 
i.e. log KPA-aqueous phase  decreased by 0.3 log units as HA concentration increased from low 
to high. Similar observations were made for the anionic surfactant C12-2-LAS where Kf 
decreased by 0.5 log units between low and high HA concentration. This indicates that the 
increasing amount of HA increases the total amount of surfactant associated with the 
aqueous phase (i.e. water and it’s dissolved HA constituents), relative to the polymer. For 
example, at low HA concentrations, there is a 2.4-fold increase in C12EO4 surfactant 
monomers associated with the HA aqueous solution compared to water alone (no HA), and 
a 4.6-fold increase at the high HA concentration. Our results therefore suggest that 
interactions are occurring between both the anionic and nonionic surfactant and HA. 
To date, data on surfactant-HA interactions in the literature are scarce. Interactions between 
nonionic and anionic surfactants with HA may, however, be attributed to different processes. 
The head groups of nonionic surfactants are neutral, hence charge-specific interactions are 
unlikely, but hydrophobic interactions between the surfactant hydrocarbon chain and 
hydrophobic sections in HA are plausible. Piccolo and Mbagwu (1989) found an increased 
stability of soil aggregates in nonionic surfactant-HA mixtures compared to the effects in 
single surfactant systems attributed to such interactions. Whilst Jung et al. (2015) and 
Lippold et al. (2008) did not observe interactions between nonionic surfactants and HAs, 
Lippold et al. (2008) concluded that it is unlikely that nonionic surfactants and HAs would 
not interact with each other, as the anionic surfactant they investigated showed interaction 
with HAs regardless of any electrostatic repulsion. 
On the other hand, charged surfactant molecules, e.g. anionic surfactants, may form 
complexes with HA due to sorption of the functional groups. A dependency of anionic 
surfactant-HA interactions on the valence of ions in the electrolyte solution was observed by 
Traina et al. (1996). Hence, they concluded that specific ionic effects may contribute towards 
formation of these complexes. It should be noted however, that Koopal et al. (2004) did not 
observe any interactions between HAs and an anionic surfactant which they attributed to 
strong electrostatic repulsion between HAs and the negatively charged surfactant 
molecules. In other studies, where the ionic effects were relatively small, primarily 
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hydrophobic interactions between the alkyl chains of anionic surfactant molecules and 
nonpolar regions of HAs were reported (Traina et al., 1996; Otto et al., 2003). 
Critical micelle concentration. The CMCs in the binary surfactant-HA mixtures were derived 
as the aqueous surfactant concentration at the point of inflection in the log-log regression 
lines (Figure 5.1). In both binary mixtures CMC was found to increase with increasing HA 
concentration. As seen in Figure 5.1A and 5.1B, the inflection point shifted to the right, i.e. 
toward a higher total surfactant concentration required to reach CMC. In mixtures with the 
lower HA concentration the CMC of C12EO4 (46 µM) increased to 63 µM and further to 81 
µM in high HA solution (Figure 1A). A qualitatively similar shift was observed for C12-2-LAS 
(Figure 5.1B). Our data using PA was corroborated using a tensiometer (which provides 
information on the property change in the overall solution mixture, e.g. the point at which 
micelles start forming). Tensiometer derived CMC values (i.e. the inflection points 
determined by tensiometer measurements, Figure 5.1A) appear to support the polymer-
water sorption data with higher values for mixtures with increased HA present.  
Overall, these data suggest that the presence of HA in the binary mixtures is not having an 
effect on the solution properties, but micelle formation of C12EO4 may occur at higher 
concentrations. At environmentally relevant surfactant concentrations (i.e. close to or below 
CMC, following dilution and degradation of supra-CMC surfactants applied in pesticides or 
fertilizers in the environment), this may lead to some reduction in facilitated SHOC mobility. 
However, the overall impact of surfactant-HA mixtures on SHOC mobility is likely driven by 
the interaction between surfactant monomers with HA and the relative solubilising capacity 
of these HA-surfactant complexes (i.e. whether they represent a more hydrophobic 
partitioning phase compared to only HA or surfactant monomers).  
 
5.3.2 Behaviour of ternary anionic-nonionic surfactant-HA mixtures 
Similar to the binary surfactant-HA mixtures, in a ternary 33:67 C12EO4: C12-2-LAS 
surfactant-HA mixture the sorption of both co-surfactants to PA was reduced in the presence 
of HA compared to the mixture without HA, and decreases with increased HA concentration 
(Figure 5.2A). Furthermore, the CMCs of both co-surfactants increased in the ternary 
mixture involving HA compared to the binary surfactant mixture that lacked HA (Figure 5.2A).  
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Figure 5.2: (A) Surfactant monomers of C12EO4 or C12-2-LAS partitioned to PA in the ternary 
mixture with low or high HA concentrations, and for comparison the surfactant mixture 
without HA (open symbols, literature data (Chapter 4)). The respective surface tension data 
are overlaid for the ternary mixture with low HA concentration (B) and for high HA 
concentration (C).  
Different phases of micellization as previously found in the binary surfactant mixture 
(Chapter 4) were also identified in the ternary mixture determined by the PA sorption 
isotherms (Figures 5.2B and C). At concentrations below the CMC, monomers of both co-
surfactants were in solution, however, monomers associate with the HA and may form 
complexes. In this phase, at both HA concentrations, the surface tension decreased linearly 
with increasing surfactant concentration as observed for the co-surfactant mixture only 
(Figures 5.2B and C). Therefore, as seen in the binary surfactant-HA mixtures, surfactant 
monomer-HA complexes have no effect on the combined solution behaviour. A first change 
in the partitioning behaviour was observed when the first co-surfactant, C12EO4, started 
forming monotypic micelles which contains none or little of the other surfactant in the 
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micelles. Furthermore, in this second phase, no additional C12EO4 monomers partitioned to 
HA after CMC was reached and the surface tension of the mixture decreased at a much 
slower rate (Figures 5.2B and C). In the third phase, the second co-surfactant, C12-2-LAS, 
reached CMC and no further C12-2-LAS monomers interacted with HA. In this phase, when 
micelles of both co-surfactants were forming, the mixture surface tension levelled out 
(Figures 5.2B and C). In general, the co-surfactant behaviour in a ternary mixture with HA 
as well as the combined solution behaviour follow a similar pattern to the surfactant mixture 
without HA (Chapter 4). The only impact of HA is that due to HA-surfactant monomer 
interactions, both co-surfactant CMCs are shifted towards higher total surfactant 
concentration, e.g. micelles started forming at higher concentrations (Figure 5.2A). 
Furthermore, the concentration range over which C12EO4 monotypic micelles are forming, 
before C12-2-LAS also starts forming micelles, (second phase) does not change with HA 
concentration.   
Overall, the interactions between surfactant mixtures and HA are complex, but our results 
indicate that micelles may begin to form at higher surfactant concentrations in binary 
surfactant-HA as well as the ternary mixtures with HA. To understand the impact of HA-
surfactant complexes that form in both binary and ternary mixtures with HA on SHOC 
mobility, quantitative aspects of SHOC partitioning in these mixtures are investigated in the 
following section. 
 
5.3.3 SHOC partitioning in binary and ternary surfactant-HA mixtures 
Organic carbon normalized SHOC partition constants to the non-monomeric dissolved 
phase in the binary surfactant-HA mixtures (i.e. KMI-DOC for C12EO4: HA low/high or C12-2-
LAS: HA low/high) and the ternary mixtures (i.e. KMImix-DOC for 33:67 C12EO4: C12-2-LAS: HA 
low/high) were determined over a range of surfactant concentrations (Table 5.1). Partition 
constants were found to be independent of surfactant concentration (when above CMC) and 
for any given surfactant mixture with the respective HA concentration (low or high) almost 
identical partition constants were measured across all concentrations tested (all K values 
within 0.5 log units; Table 5.1). The data is therefore consistent with the binary surfactant 
mixture data reported in Chapter 4. In general, the replicate variability of the SHOC 
partitioning constants across the tested surfactant-HA solution concentrations was higher in 
the mixtures with HA (Table 5.1) compared to partitioning in only surfactant-mixture. Due to 
the complex structure of HA, complexities in the determination of empirical partition 
constants are expected. KMI-DOC and KMImix-DOC generally increased with increasing SHOC 
Page 114 of 196 
 
hydrophobicity (Table 5.1), consistent with previously reported results with surfactants and 
their mixtures (Chapter 4). 
Table 5.1: Determined carbon normalised surfactant-water partition constants for PCDDs 
and PCBs in binary C12EO4-HA or C12-2-LAS-HA mixture micelle solutions (log KMI-DOC) as 
well as for the ternary C12EO4: C12-2-LAS-HA mixture (log KMImix-DOC), all for low and high 
HA concentrations as well as KDOC and literature data for log KOW. %RSD was applied to 
unlogged partitioning constants. 
Log KDOC* see SI - Section S2. a Data from Åberg et al. (2008) for all PCDDs except PnCDD. 
Log KOW for 1,2,3,7,8-PnCDD is the average of all data reported by Mackay et al. (2006); b 
Hawker and Connell (1988); c Grant et al. (2016); d Smedes et al. (2009). 
While SHOC partition constants are independent of surfactant concentration, for the binary 
C12EO4-HA solutions, a dependency on HA concentrations was observed with KMI-DOC being 
higher at lower HA concentration (SI Figure S2, S3; Table 5.1). For this surfactant, KMI > 
KDOC for all SHOCs tested. Furthermore, the partitioning of SHOCs was the highest in the 
single surfactant solution when no HA was present (Chapter 4) and decreased as more HA 
was added (i.e. as the ratio of HA in the system increased relative to the surfactant) (SI 
Figure S2, S3; Table 5.1). In contrast, KMI for C12-2-LAS was almost identical to KDOC for all 
PCDDs/PCBs and did not change between both surfactant-HA binary mixtures (SI Figure 
S2, S3; Table 5.1). In the ternary solutions tested, the results were found to be similar to the 
binary C12EO4-HA solutions. KMImix for the 33:67 C12EO4: C12-2-LAS mixture was greater 
than KDOC for all SHOCs investigated and as HA was added to the surfactant mixture the 
partitioning constant decreased (SI Figure S2, S3; Table 5.1). 
log KOW log KDOC* C12EO4 % RSD C12EO4 % RSD  33:67 % RSD  33:67 % RSD C12-2-LAS % RSD C12-2-LAS % RSD
2,3,7,8-TCDD 6.88a 6.61 7.15 7% 7.04 15% 7.13 9% 7.01 7% 6.71 9% 6.75 8%
1,2,3,7,8-PnCDD 7.06a 6.79 7.43 13% 7.12 11% 7.03 8% 6.87 13% 6.90 7% 6.90 6%
1,2,3,4,7,8-HxCDD 7.54a 7.34 7.55 8% 7.39 11% 7.42 6% 7.27 13% 7.19 7% 7.22 15%
1,2,3,4,6,7,8-HpCDD 7.83a 7.52 7.82 12% 7.65 8% 7.63 8% 7.52 15% 7.44 8% 7.50 10%
OCDD 8.32a 8.07 8.34 8% 8.15 15% 8.06 8% 7.93 15% 7.92 10% 8.06 8%
PCB104 5.81b 5.58 6.22 12% 5.97 17% 6.12 9% 5.74 13% 5.69 8% 5.80 5%
PCB 103 6.22b 6.09 6.71 13% 6.30 12% 6.47 7% 6.31 12% 6.14 9% 6.18 8%
PCB 136 6.22b  - 6.47 14% 6.15 13% 6.32 10% 6.13 14% 5.95 7% 6.10 6%
PCB 78 6.35b 6.72 7.05 12% 6.78 20% 6.99 12% 6.85 17% 6.66 13% 6.61 15%
PCB 182 7.20b 6.93 7.27 7% 6.96 16% 7.05 7% 6.98 11% 6.80 8% 6.88 10%
PCB 204 7.30b 6.88 7.29 15% 6.84 8% 6.98 1% 6.80 23% 6.54 12% 6.77 13%
PCB 209 8.18b 7.64 7.83 13% 7.44 8% 7.82 6% 7.67 9% 7.37 7% 7.53 11%
low HA
log KMI-DOC (L kg
-1) log KMI-DOC (L kg
-1)
C12EO4: C12-2-LAS C12EO4: C12-2-LAS
log KMImix-DOC (L kg
-1)
low HA high HA low HA high HA
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Figure 5.3: Calculated apparent solubility enhancement for HxCDD, HpCDD and OCDD (purple 
bars) in binary C12EO4-low/high HA (A, B), binary C12-2-LAS-low/high HA (C, D) and the 
ternary mixture low/high HA (E, F) mixtures. For comparison, the combined apparent 
solubility enhancement for the respective individual systems, i.e. assuming additive 
solubilising capacity, are given (red/blue bars representing DOC and surfactant, 
respectively). Error bars are based on %RSD. 
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Apparent solubility enhancements for the most hydrophobic PCDDs were calculated 
following the approach of Cho et al. (2002) (Figure 5.3). These data indicate that in the 
C12EO4-HA mixture, there is almost no enhancement of the solubilising potential of the 
mixture system compared to the additive apparent solubility of the individual facilitators (0-
34% enhancement, Figures 5.3A-B), at either HA concentration. In contrast, for the C12-2-
LAS-HA mixture, a marginal (7-22%) enhancement in the apparent solubility of SHOCs 
compared to that of the individual facilitators was observed (Figures 5.3C-D). However, this 
apparent solubility enhancement for C12-2-LAS-HA appeared to be relatively independent of 
HA concentration. This suggests that the complexes formed between monomers and HA 
identified in the previous section may provide at most a slightly more attractive partitioning 
site compared to HA and the effect is most pronounced with the anionic surfactant. In the 
ternary mixture, marginally enhanced apparent solubilisation of SHOCs was also observed 
(Figures 5.3E-F). Generally, the SHOC solubilizing potential of the HA or surfactant micelles 
is minimally enhanced by surfactant-HA mixtures. Furthermore, for both binary and the 
ternary mixtures, surfactant-HA complexes (at environmentally relevant HA concentrations 
as used in this study) do not have a substantially greater solubilizing capacity than HA. The 
trends shown in Figure 5.3 were also observed for the most hydrophobic PCBs (SI Figure 
S4).    
Our ability to compare the results of this study is limited due to only few studies that have 
so far investigated contaminant partitioning in surfactant-HA mixtures. Cho et al. (2002) 
investigated PAH solubility in nonionic or anionic surfactant mixtures in the presence of 
natural organic matter (NOM), of which humic substances are the largest part. In the 
nonionic surfactant-NOM mixture an additive solubility enhancement was observed. In 
contrast, in anionic surfactant (SDS)-NOM mixtures solubility enhancement for PAHs was 
reported to be slightly lower compared to the predicted additive solubility enhancement. 
However, for a SDS-purified HA solution Lippold et al. (2008) observed an additive 
solubilisation of SDS to the solubility enhancement caused by HA alone. Thus, they 
concluded that the solubilisation by surfactant micelles and humic matter in mixed systems 
is based on distinct processes, occurring independently of each other. Similar to our results, 
no significantly enhanced synergistic or antagonistic solubilisation behaviours were 
observed.  
Overall, therefore, to understand and predict the mobility of SHOCs in the subsurface the 
presence of HA needs to be considered, but the transport potential can be considered to be 
approximately additive compared to that of the individual facilitators. This suggests that 
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when HA and surfactants are present, the resulting partition constant for the mixture can be 
estimated from the properties of the individual components, i.e. the relative values of KMI/MImix 
for the surfactants and KDOC for the SHOCs of interest. 
 
5.3.4 Implication and relevance with respect to facilitated transport of SHOCs 
The CMC of surfactant mixtures and the KMI,mix (i.e. change in solubilizing capacity of 
mixtures) have previously been identified as key parameters in the evaluation of the fate 
and transport of SHOCs in the subsurface environment. However, the influence of HA (or 
other dissolved organic matter) in mixtures with surfactants has received little attention to 
date. HA is ubiquitous in soil environments and given its similar surface active behaviour to 
surfactants, an enhanced facilitation for contaminant transport may be expected when both 
HA and surfactants are present. If surfactants and HA interact to form surfactant-HA 
complexes, SHOC transport potential could be further affected by changes in the sorption 
behaviour of SHOCs to these complexes.  
As a result of surfactant monomers interacting with HA, less surfactants are available for 
SHOC transport. Furthermore, surfactant micelles (with their relatively high solubilisation 
capacity) start forming at higher total surfactant concentrations. However, surfactant-HA 
mixtures did not show a greater solubilising potential than the two separate systems (i.e. HA 
alone or surfactants alone), and thus the mobility potential for SHOCs appears additive. 
Therefore, SHOC transport in the subsurface could be predicted with relative ease as long 
as partition constants and the relative concentration of each facilitator is known. 
As a caveat, it cannot be excluded that the results of this study are specific to the tested 
surfactant HA combinations and may not be generalised. However, the developed and 
validated methods provide simple and reliable means to investigate surfactant-HA behaviour 
in more detail and can be extended to different dissolved facilitators, e.g. DOM or natural 
HAs.   
The commercial HA used in our study is well characterised, but its properties are known to 
be different to most naturally occurring HAs (depending on the type of organic matter) 
(Traina et al., 1996). Therefore, the effect of facilitated transport in surfactant mixtures may 
be dependent on the type of HA present. For example, sorption-desorption studies using 
HAs derived from composted pig manure or soil extracted DOM have reported enhanced 
desorption of PAHs from soil (Cheng and Wong, 2006; Yu et al., 2011) which suggests that 
naturally formed HAs may enhance the SHOC transport potential. Further studies have 
investigated (bio)surfactant-HA mixtures in the context of desorption of HOCs from soil for 
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remediation purposes. Yu et al. (2011) and Wu and Marshall (2001) for example found that 
surfactant-HA mixtures were more effective at desorbing contaminants from soils than single 
surfactant systems. Therefore, further studies should extend to surfactant mixtures with 
naturally occurring HAs as well as examining sorption and desorption processes in soils.  
Field soils are complex environments containing many and varied potential facilitators. 
Surfactants and HA are two key and often co-existing facilitators and the importance of 
quantifying their role for contaminant transport is evident. Despite this, research to date has 
primarily focused on the sorption and desorption of contaminants from soil in HA/DOM/NOM 
and surfactant mixed systems for remediation purposes. HA-surfactant interaction or 
contaminant behaviour in surfactant-HA systems is less well understood. Studies such as 
the present one are an incremental step towards understanding and quantifying the 
underlying transport processes in real world environments at a mechanistic level and thus, 
ultimately enabling prediction of SHOC transport with facilitators in the subsurface. 
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Chapter 6: Final discussion and outlook 
6.1 Summary and conclusions 
Unintentional facilitated transport (FT) of SHOCs is a potentially important issue due to the 
potential for unexpected transport of persistent, bioaccumulative and toxic compounds in 
the subsurface. In areas where facilitators are present, FT can pose a risk for groundwater 
contamination and associated off-site transport of hazardous chemicals. SHOCs are not 
commonly monitored in the subsurface, possibly due to an anticipated strong association 
with organic carbon in surface soil layers. However, several field studies have reported 
unexpected and high levels of SHOCs in deep soil layers across agricultural, urban and 
industrial areas, and hypothesised FT as the underlying mechanism (de Jonge et al., 2004; 
Grant et al., 2015). The number of sites and wide range of land-uses where these 
observations occur suggests that FT may be extensive; however, retrospectively 
ascertaining the transport mechanisms that can explain such field observations is 
challenging for example due to degradation of facilitating species (e.g. surfactant). The 
processes involved in FT and facilitators’ capacity for transporting SHOCs are still poorly 
understood. As such, the extent and significance of FT in the environment remains unknown. 
The potential transport of contaminants with soil colloids has received increasing attention 
over the past decade. However, soil is a complex environment and facilitators are typically 
not isolated but occur as mixtures of natural and anthropogenic (e.g. surfactants) dissolved 
phases. Compared to soil colloids, much less is known about surfactants and their mixtures 
as facilitators. To date, research in this area has primarily focused on surfactant-based soil 
remediation using high volume surfactant applications. Despite the known capacity of 
surfactants to mobilise highly hydrophobic compounds, as evidenced by surfactants’ 
successful application for soil remediation, unintentional surfactant facilitated transport 
(SFT) has received little attention and available data are sparse. This may be in part due to 
the well-known challenges of working with SHOCs in complex, aqueous matrixes (reviewed 
in Chapter 1 and 2) and a lack of robust and suitable methodologies to overcome these.  
Unless the extent and significance of FT of SHOCs in the environment can be quantified, it 
is difficult to assess the possible risks that may be associated with this transport pathway. 
Modelling provides a rapid and economical way to conduct site-specific risk assessments; 
however, an understanding of the relevant mechanistic processes and appropriate data to 
parameterise such models are required. This PhD provides insight into FT mechanisms and 
delivers the first quantitative data for SHOCs in the presence of mixtures of facilitators. 
Whilst laboratory-based experimental data cannot be expected to be fully representative of 
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the environment, they offer insight into the capacity of FT and provide quantitative 
information that ultimately may be used to develop mechanistic models for prediction of 
SHOC mobility in soil. 
In the first instance, this PhD addressed the need for an appropriate experimental 
methodology to quantify the fundamental processes driving FT. A new method to estimate 
Kpolymer-water based on the measured solubility of SHOCs in a polymer (for this study, PDMS) 
was developed. The advantages of this method included its relatively straight forward 
experimental application and the ability to predict KPDMSw across an entire chemical class 
based on measurements for a few representative congeners within the class (Chapter 2). A 
mass balance approach was subsequently validated to quantify equilibrium partition 
constants between water and dissolved phases, e.g. surfactant monomers and micelles 
(Chapter 3). A complete mass balance was assumed after extensive testing of the set up. 
The polymer loading technique that was modified for SHOC delivery as part of this method 
has potential utility in other fields; for example, as a highly accurate passive dosing approach 
for toxicity testing regimes. 
These methodologies were then applied to generate new equilibrium partitioning data 
between water and surfactants for SHOCs. These data confirmed the expected high 
capacity of surfactant micelles to solubilise SHOCs and provided the first quantitative 
partition constants for compounds with log KOW > 6, both in single surfactant solutions 
(Chapter 3) as well as in surfactant mixtures (Chapter 4) and surfactant-HA mixtures 
(Chapter 5). These data further indicated that contaminant partitioning to facilitators is 
highest for the most hydrophobic contaminants (Chapter 3), which corroborates field 
observations where the relative distribution of the most hydrophobic contaminants increases 
with depth in soils (Grant et al. 2015). This “reversed mobility” compared to that expected 
based on a contaminant’s hydrophobicity (e.g. log KOW) and aqueous solubility, could 
possibly serve as an environmental indicator for FT processes. Furthermore, the results 
demonstrate for the first time that the apparent solubility enhancement of SHOCs with 
surfactant monomers may warrant an evaluation of the FT potential of these compounds 
with this relatively persistent (compared to micelles) surfactant phase in the field (Chapter 
3), however further investigation is required. Overall, the understanding on vertical FT 
processes gained may be both a foundation for unintentional surfactant releases in the 
environment, and also relevant for the application of surfactants in soil remediation. Also, 
horizontal transport processes of SHOCs associated with dissolved facilitators in for 
example stormwater runoff or flood waters present an additional application of the 
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methodologies presented.  In addition to furthering the understanding of the environmental 
impact of surfactants, these methodologies may inform other fields of research including, for 
example, pharmaceutical sciences where surfactants are commonly used as drug delivery 
systems.  
To date, quantitative laboratory-based studies have investigated only the potential of single 
facilitator systems to mobilise single or very limited contaminant mixtures. The results of this 
PhD provide a basis for understanding multiple-facilitator systems and their interactions with 
contaminant mixtures. This represents a solid foundation for ongoing research to advance 
our understanding of the complex processes associated with ‘real world’ environments.  
 
6.2 Implications and applicability  
Most surfactants degrade relatively rapidly and are generally considered to have low toxic 
potency. Consequently, despite being ubiquitous in the environment, most surfactants are 
typically not monitored. However, there are several surfactants that have a relatively high 
toxicity potential and have been identified as compounds of concern to human and 
environmental health; for example, alkylphenol ethoxylates (Nimrod and Benson, 1996) and 
some per- and poly-fluorinated surfactants, e.g. PFOS and PFOA (Lehmler, 2005). Due to 
their persistency, PFOS and PFOA have received increasing attention in recent years and 
have been found at elevated levels in landfill leachate and underlying groundwater (Gallen 
et al. 2016) and other industrial sites. It is a potential concern that at sites such as these, 
SHOCs are also commonly present (Grant et al., 2015). Due to the persistence of these 
surfactants and their possible environmental release via leachate run off and leaching from 
landfills and agricultural application of biosolids (Gallen et al., 2016), fluorinated surfactants 
may represent a potent facilitator for SHOC transport that has yet to be recognized. 
However, methodologies and knowledge gained with the model surfactants used in this 
thesis are easily applicable to a wider range of surfactants, e.g. fluorinated surfactants.  
To illustrate the potential importance of FT and vulnerability of Australian groundwater 
resources to this mechanism, a basic estimate of the amount of SHOCs that may be 
associated with dissolved facilitators in a typical agricultural field soil was made. The 
partition constants quantified in this PhD (Chapter 4, 5) were applied to data reported on 
OCDD contamination in an Australian field soil core (Grant et al. 2015). Grant et al. (2015) 
reported OCDD as the predominant PCDD/F in agricultural soils of Queensland, Australia 
(68-99% of total PCDD/F concentration) with increasing relative contribution with depth. This 
is consistent with the highest apparent solubility enhancement for the most hydrophobic 
Page 126 of 196 
 
compounds identified in Chapter 3. The previously reported OCDD concentration profile 
through the soil core is shown in Figure 6.1. However, the measured (extracted) OCDD 
mass from the soil core reported in this study does not indicate the mass of OCDD 
associated with particulate soil, which is therefore immobile, and the mass that may be 
available for transport processes with dissolved facilitators. Using the partition constants 
reported in this PhD plus literature values for partitioning to particulate soils, the potential 
distribution of OCDD at 2 m depth was estimated between particulate soil, water and mobile 
facilitators (e.g. anionic-nonionic surfactant-HA mixture) phases. The resulting mass 
distribution is illustrated in Figures 6.1(A) and (B). The mass estimates are based on the 
total OCDD mass associated with a nominal 1 kg dry weight (dw) of particulate soil with an 
assumed organic carbon fraction of 1.5% and a homogenous OCDD concentration of 1 
ug/kg as measured by Grant et al. (2015). Two scenarios are considered: (A) an anionic-
nonionic surfactant mixture whose concentration is equal to the mixture CMC, with HA 
present at low concentrations and high OCDD sorption to particulate soil, and (B) an anionic-
nonionic surfactant mixture whose concentration is twice the mixture CMC, with HA present 
at high concentrations and low OCDD sorption to soil.  
Figure 6.1: Basic estimates of the OCDD distribution in a nominal 1 kg dw of soil at a soil 
core depth of 2 m (Grant et al. 2015) (e.g. OCDD making up 67% of the total PCDD/F mass 
at the selected sampling point, i.e. a total of 1 ng OCDD in the 1 kg of soil). The distribution 
was determined using log K(POC) (Frankki et al. 2007) and KMI,mix-HA (Chapter 5). Either (A) a 
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high KPOC + surfactant concentrations at CMC + low HA concentration or (B) low KPOC + 
surfactant concentration at twice the CMC + high HA concentration, are compared.   
In both scenarios, as expected, the highest mass of OCDD (0.9903 or 0.9279 ng kg-1 for A 
and B, respectively) is predicted to be sorbed to particulate soil (using Kparticulate organic carbon 
(POC) for OCDD of 6.9 or 7.6 reported by Frankki et al. (2007) and an assumed 0.015 kg of 
POC in the 1 kg of soil). The distribution of OCDD between water and the anionic-nonionic 
surfactant mixture in (A) the presence of a low HA concentration (757 µM HA, log KMI,mix-HA 
7.82, Chapter 5) or (B) in the presence of the high HA concentration (1,735 µM HA, log 
KMI,mix-HA 7.68, Chapter 5) was determined. Furthermore, with the log KMI – log KMO 
relationship reported in Chapter 3 (e.g. approximately 2.6 log unit difference) the OCDD 
mass associated with monomers was estimated. Within the soil water phase in both 
scenarios, the largest OCDD mass was (not unexpectedly) estimated to be associated with 
the surfactant mixture-HA phase resulting in an apparent solubility enhancement of OCDD 
of about 390,000, or 620,000-fold compared to water. The mass associated with surfactant 
monomers was significantly lower, however, at 1,300 and 1,900 times higher compared to 
OCDD water solubility for A and B, respectively. Overall, at surfactant concentrations at 
CMC (A) or just exceeding CMC (B) the apparent solubility enhancement of OCDD is 
significant. In reality, surfactants released to the environment via, for example, pesticide 
formulations, usually exceed the surfactants’ CMC several-fold and therefore the apparent 
solubility following an initial surfactant application might be much higher than the estimates 
given here. However, once dilution in soil water and degradation of the surfactants occurs, 
the apparent solubility enhancement will decrease commensurately. 
By extrapolating the apparent solubility enhancement of OCDD due to association with 
mobile facilitators in a nominal 1 kg mass of agricultural soil, to, for example, the catchment 
area of a groundwater reservoir, e.g. the Surat region within the Great Artesian Basin (Figure 
6.2) which covers an area of about 440,000 km2 and is renowned for its agriculture (Smerdon 
BD and Ransley, 2012), the SHOC mass that may have the potential to be transported to 
groundwater may be significant. Considering the Great Artesian Basin as a whole (1.7 
million m2), the transport potential may be highest in agricultural areas in QLD, SA and NSW, 
as well as regions dominated by the mining industry in Northern QLD. This basic scenario 
illustrates that significant facilitators may be present in agricultural and other soils and when 
present, the enhanced apparent solubility of very hydrophobic and toxic SHOCs may be 
substantial. Unrecognised FT of hazardous contaminants may therefore have the potential 
to impact groundwater resources which may represent a risk to the environment and human 
Page 128 of 196 
 
health. As groundwater contributes approximately 25% of the world’s freshwater resources 
(UNESCO, 2004) and has become an increasingly valuable source of water in Australia for 
domestic and agricultural uses, as well as the sole supply for some rural communities, these 
risks should be evaluated.  
Although the basic estimates suggest that FT of SHOCs may be relevant in some regions, 
without a quantified knowledge of the extent and significance of FT processes in the 
environment it is difficult to assess the possible levels of SHOC exposure that may be 
associated with this transport pathway. Therefore, further research is warranted to allow 
assessments of the underlying parameters describing the transport processes to ultimately 
evaluate FT in a real environment. 
 
 
Figure 6.2: Australia map – boundaries of the Great Artesian Basin (left) and the position of 
the Surat region within the GAB. Right hand map shows the land use of the Surat region 
(source: Smerdon and Ransley 2012). Map sourced from: 
http://www.agriculture.gov.au/SiteCollectionDocuments/water/gab-economics-report.pdf 
 
6.3 Future work:  
The first step in understanding and quantifying FT of SHOCs on a mechanistic level involves 
evaluation and quantification of the equilibrium partitioning processes of SHOCs and 
facilitating species in the various compartments of a soil environment. With a foundation of 
basic knowledge on the partitioning behaviour of SHOCs and facilitators in a water-dissolved 
Surat region
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facilitator system, e.g. single surfactant systems, more complex components may be 
considered. For example, contaminant mixtures as well as multi facilitators from different 
origins (surfactants, dissolved soil colloids) can be incorporated. This PhD contributes to this 
fundamental knowledge. To further advance the understanding on a mechanistic level, the 
interactions of contaminants and facilitators with stationary soil phases is required. Once the 
underlying equilibrium partitioning processes that drive FT of SHOCs have been quantified 
for all phases of the soil-water system, estimates of the distribution of SHOCs in the mobile 
versus stationary phases can be readily assessed, as demonstrated in the previous section. 
This provides a first, basic estimate of the relative mobility potential of SHOCs under FT.  
 
Figure 6.3: Research gaps addressed in this PhD (green boxes), research gaps to be 
addressed with future work (red boxes). 
For very hydrophobic contaminants which typically diffuse slowly in aqueous environments 
(Mackay et al., 2006), the assumption that equilibrium conditions are reached in a flowing 
soil-water system may not be appropriate (Pot et al., 2005). Thus, modelling and model 
parameterisation capabilities to predict the kinetics of the partitioning processes governing 
FT in a dynamic i.e. flowing soil-water system is required. This involves an assessment of 
the potential impact of flow conditions on the behaviour of both contaminants and facilitators. 
The complexity of dynamic systems suggests that FT under flow needs to be assessed 
initially under controlled laboratory conditions before the uncertainty introduced by “real 
world conditions” can be adequately understood. Ultimately, dynamic model approaches to 
simulate FT in the subsurface, with multiple facilitators and variable environmental 
conditions, provide the most reliable approach to predict FT and evaluate its associated 
risks. 
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Although the basic estimates from the previous section suggest that FT may be highly 
relevant in certain regions, there is still a long way to go to achieve reliable predictions of 
SHOC mobility with either single or multiple facilitators. Figure 6.3 illustrates the contribution 
that this PhD makes to the current knowledge (Boxes 1, 2 and 3). As highlighted by Box 3, 
the sorption behaviour of SHOCs to soil is also an important mechanism, as well as sorption 
to surfactant admicelles formed on the soil surface. Partition constants between water and 
soil organic carbon (OC) have been reported for some SHOCs, however, OC is seldom 
readily defined and is highly dependent on the soil type. Similarly, little quantitative 
information is available for admicelle-SHOC partitioning (Scamehorn et al., 1982). Formation 
of admicelles may also change the facilitator mixture compositions in the water phase which, 
as demonstrated in Chapter 4, would in turn impact on the FT potential of SHOCs. While 
these aspects were not within the scope of this PhD, the methodologies developed in 
Chapters 2, 3 provide the tools to quantitatively assess the role of these stationary phases 
for SHOCs.  
Overall, this PhD contributes critical new data that expand our mechanistic understanding 
of FT of SHOCs in soil. Furthermore, novel methodologies were developed which enable 
the quantification of partition constants of SHOCs in dissolved phases, with potential wider 
applicability to SHOC interactions with stationary soil phases, thus facilitating further 
research to expand the prediction capabilities for FT in the environment. Such information 
and data are required to inform risk assessments and ultimately ensure the long term 
protection of groundwater resources.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 
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Section S1 Swelling method to load SHOCs into PDMS sheets 
Toluene swells PDMS by a factor of 1.31 in any one dimension (which equates to a 2.3-fold 
increase in volume) (Lee et al., 2003). During the swelling process, SHOCs dissolved in the 
solvent are transported into the PDMS where they remain after the solvent is evaporated 
(Brown et al., 2001). When PDMS is loaded above saturation, it is assumed that SHOCs are 
at saturation in the PDMS and excess SHOCs are retained in the sheets in crystalline form. 
Losses from the loading sheets to clean fibres are replaced from the store of crystalline 
SHOCs, and thus maximum activity (and therefore maximum concentration) is maintained 
in the combined loading sheet-fibre system.  
Swelling significantly increases the mass of analyte loaded in a polymer compared to 
partitioning alone. We predicted that in toluene, swelling delivers the majority (e.g. >99% for 
our test SHOCs, assuming a loading solution volume of 2 ml and PDMS volume of 28 µl per 
sheet; see below) of the total SHOC mass in the PDMS. Consequently, we could predict the 
approximate concentration of the loaded analyte in the PDMS sheets based solely on the 
concentration in the toluene loading solution. Using this approach, we could ensure that 
maximum solubility for all SHOCs was achieved in the fibres (by substantially exceeding 
estimated SPDMS(S) in the loading sheets based on KPDMSw predicted from log KPDMSw-log KOW 
relationships and SW(S) reported in the literature (section S3)). Due to cost and safety 
considerations, loading sheet concentrations for the two SHOCs with the lowest KOW values, 
tetra- and penta-CDD (both included in the standard PCDD mix), did not exceed solubility 
and therefore the concentrations measured in the fibres at equilibrium reflected the sub-
saturation concentrations in the loading sheets.  
Predicting loaded mass associated with swelling method. To predict the mass of analyte 
loaded to the PDMS sheets, it was assumed that loading into the PDMS occurs through two 
independent mechanisms: via transfer in the dissolved state with the loading solvent, 
toluene (which is taken into the PDMS via swelling), and via partitioning to the PDMS (in a 
similar way to partitioning between a non-swelling solvent and a polymer). Based on the 
contaminant partitioning between PDMS and toluene (KPDMS-toluene) and the PDMS swelling 
ratio, S, for toluene (reported by Lee et al. (2003) and assuming three dimensional swelling 
of PDMS), the contaminant mass in PDMS due to partitioning and solvent swelling can be 
estimated.   
A total mass balance for the system can be defined as: 
𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡𝑎𝑎𝑡𝑡 = 𝑀𝑀𝑃𝑃𝑃𝑃𝑃𝑃𝑆𝑆 + 𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑀𝑀𝑃𝑃𝑃𝑃𝑃𝑃𝑆𝑆 + 𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡(𝑃𝑃𝑃𝑃𝑃𝑃𝑆𝑆) + 𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡(𝑟𝑟𝑡𝑡𝑚𝑚𝑎𝑎𝑟𝑟𝑡𝑡𝑟𝑟𝑡𝑡𝑟𝑟)        (𝑆𝑆1) 
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where Mtotal is the initial mass of contaminant dissolved in the toluene, MPDMS is the mass of 
contaminant partitioned to the PDMS at equilibrium and Mtoluene is the mass of contaminant 
in the toluene at equilibrium. The contaminant in the toluene is distributed between the mass 
in the toluene taken into the PDMS via swelling, Mtoluene(PDMS), and the mass remaining in 
the loading solution (not taken into the PDMS), Mtoluene(remaining).  
The mass distribution of contaminant between PDMS and toluene at equilibrium is related 
to the known volume ratio of PDMS to loading solvent via KPDMS-toluene: 
𝑀𝑀𝑃𝑃𝑃𝑃𝑃𝑃𝑆𝑆
𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
=  𝑉𝑉𝑃𝑃𝑃𝑃𝑃𝑃𝑆𝑆
𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
.𝐾𝐾𝑃𝑃𝑃𝑃𝑃𝑃𝑆𝑆− 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡                                                                                  (S2) 
  
Substituting equation S2 into S1, we can derive the equilibrium mass of contaminant in 
PDMS and in toluene: 
𝑀𝑀𝑃𝑃𝑃𝑃𝑃𝑃𝑆𝑆 =  𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡𝑎𝑎𝑡𝑡
�1 +  𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑉𝑉𝑃𝑃𝑃𝑃𝑃𝑃𝑆𝑆 𝐾𝐾𝑃𝑃𝑃𝑃𝑃𝑃𝑆𝑆−𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡�                                                                             (S3) 
  
𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 =  𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡𝑎𝑎𝑡𝑡
�1 +  𝑉𝑉𝑃𝑃𝑃𝑃𝑃𝑃𝑆𝑆 𝐾𝐾𝑃𝑃𝑃𝑃𝑃𝑃𝑆𝑆−𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 �                                                                          (S4) 
 
The mass of contaminant taken into the PDMS dissolved in the toluene, Mtoluene(PDMS), is the 
product of the amount of toluene taken into the PDMS due to swelling, Vtoluene(PDMS), and the 
concentration of contaminant in the toluene, Ctoluene, i.e.: 
𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡(𝑃𝑃𝑃𝑃𝑃𝑃𝑆𝑆) = 𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡(𝑃𝑃𝑃𝑃𝑃𝑃𝑆𝑆) × 𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡  = 𝑉𝑉𝑃𝑃𝑃𝑃𝑃𝑃𝑆𝑆(𝑆𝑆3 − 1) × 𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡                                                                (S5) 
  
where S is the PDMS swelling ratio for toluene in one dimension. Substituting S4 into S5 
gives: 
𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡(𝑃𝑃𝑃𝑃𝑃𝑃𝑆𝑆) = 𝑉𝑉𝑃𝑃𝑃𝑃𝑃𝑃𝑆𝑆(𝑆𝑆3 − 1) ×
𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡𝑎𝑎𝑡𝑡
�1 +  𝑉𝑉𝑃𝑃𝑃𝑃𝑃𝑃𝑆𝑆 𝐾𝐾𝑃𝑃𝑃𝑃𝑃𝑃𝑆𝑆−𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 �
𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
 
 = 𝑉𝑉𝑃𝑃𝑃𝑃𝑃𝑃𝑆𝑆(𝑆𝑆3 − 1) 𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡𝑎𝑎𝑡𝑡(𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 +  𝑉𝑉𝑃𝑃𝑃𝑃𝑃𝑃𝑆𝑆 𝐾𝐾𝑃𝑃𝑃𝑃𝑃𝑃𝑆𝑆−𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡)                                                (S6) 
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The total loaded mass of contaminant in the loading sheet is then the sum of MPDMS 
(equation S3) and Mtoluene(PDMS) (equation S6). 
For the present study, KPDMS-toluene was determined as KPDMSw divided by Ktoluene-water, where 
KPDMSw and Ktoluene-water were estimated using Abraham solvation equations reported by 
Sprunger et al. (2007) and Abraham (Absolv software in the ACD suite(Advanced Chemistry 
Development)), respectively. Using these KPDMS-toluene values and S reported by Lee et al. 
(2003), the mass loaded to the loading sheets due to swelling (Mtoluene-PDMS) exceeded 99% 
of the total mass loaded (MPDMS + Mtoluene(PDMS)) for the eight test SHOCs in this study. 
 
Section S2 Approach to determine solubility-derived and predicted KPDMSw 
To determine our solubility-derived KPDMSw, we identified all literature SW(S) and SW(L) for the 
test SHOCs in this study (Table S1). The literature data included both measured and 
calculated values (at 298 K) based on compilations by Åberg et al. (2008), van Noort (2009) 
and Mackay et al. (2006), which were updated to include more recent literature (see 
reference list in Table S1). Any reported subcooled liquid aqueous solubilities (SW(L)) were 
converted to solid-phase aqueous solubilities using the maximum activity of the compound 
in the crystalline state, acrystal: 
𝑎𝑎𝑐𝑐𝑟𝑟𝑐𝑐𝑐𝑐𝑡𝑡𝑎𝑎𝑡𝑡 = 𝑆𝑆𝑊𝑊(𝑆𝑆)𝑆𝑆𝑊𝑊(𝐿𝐿)                                                                                                                     (S7) 
  
Data for acrystal were obtained or derived from the same references. Extreme SW(S) values 
compared to other reported data (Y < (Q1 – 3*IQR) or Y > (Q3 + 3*IQR)(Tukey, 1977), were 
excluded from the data set and are not reported in Table S1 or Figure S1A.  
The overall uncertainty in literature SW(S), and the concomitant uncertainty in KPDMSw, is 
shown in Figure S1. The distribution of KPDMSw was skewed for some compounds (Figure 
S1B) and we selected the median value for each congener as the solubility-based KPDMSw 
for this study. 
For PCB/PCDD congeners for which SPDMS(S) was not measured, KPDMSw was predicted as 
the ratio of the class-specific subcooled liquid solubility in PDMS, SPDMS(L), (approximately 
constant within a compound class) and congener-specific literature subcooled liquid water 
solubility, SW(L) (see equation (3) main text). Åberg et al. (2008) derived thermodynamically 
consistent SW(L) for the test PCDD/Fs in this study. For the PCDDs, our solubility–derived 
values were virtually identical to those calculated using Aberg et al’s FAV subcooled water 
solubilities (see discussion and Figure 4 in main text). For OCDF, Åberg et al’s FAV gave a 
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value of log KPDMSw of 8.73 compared to our solubility-derived log KPDMSw of 7.44. Given the 
reported log KOW value for OCDF of 8.02 (Åberg et al., 2008), a log KPDMSw value of 8.73 
implies a PDMS solubility of OCDF which exceeds its solubility in octanol. This is not 
consistent with the relative solubilities of the similarly structured PCDDs and PCBs between 
octanol and PDMS (solubility in anhydrous octanol was approximately 26 times higher than 
in PDMS for both compound classes; see main text). We therefore consider Åberg et al.’s 
FAV SW(L) for OCDF to be an overestimation. 
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Table S1: Literature values for aqueous solubility (mol L-1) of test PCDD/Fs and PCBs in the pure crystalline state (SW(S)) and as a subcooled 
liquid (SW(L)). 
123478-HxCDD 1234678-HpCDD OCDD OCDF PCB182 PCB204 PCB206 PCB209 Reference 
-log 
SW(L) 
-log 
SW(S) 
-log 
SW(L) 
-log 
SW(S) 
-log 
SW(L) 
-log 
SW(S) 
-log 
SW(L) 
-log 
SW(S) 
-log 
SW(L) 
-log 
SW(S) 
-log 
SW(L) 
-log 
SW(S) 
-log 
SW(L) 
-log 
SW(S) 
-log 
SW(L) 
-log  
SW(S) 
 
 10.95  11.25  12.06           Friesen et al. (1985) 
 10.69  11.22             Friesen et al. (1990) 
 10.74  11.22             Dickhut et al. (1994) 
 11.20  12.06  13.78  12.51        11.70 Ruelle and Kesselring (1997) 
8.59  9.17  9.60  9.64          Govers and Krop (1998) 
8.20  9.07  10.79  9.52          Paasivirta et al. (1999) 
8.04  8.72  9.39  9.38          Cole et al. (1998) 
8.53  9.13  9.65  9.58          Wang and Wong (2002) 
8.34  8.86  9.54  9.60          SaÇan et al. (2005) 
 10.67  11.24  12.14  12.17         Yang et al. (2006a) 
 11.06  11.70  13.07           Yalkowsky and Valvani (1980) 
7.58  7.80  8.56  9.83          Åberg et al. (2008) 
     12.79           Shiu et al. (1988) 
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     12.79  11.58         Doucette and Andren (1988) 
     12.30  12.04         Oleszek-Kudlak et al. (2007) 
 10.51  11.44  12.28           Yang et al. (2007) 
         8.68  9.37-
9.64 
 10.00-
10.19 
 10.74-
10.85 
Brodsky and Ballschmiter (1988) 
         9.00  9.00    11.30 Abramowitz and Yalkowsky (1990) 
             10.31  11.89 Dickhut et al. (1986) 
         9.46      12.60 Dunnivant et al. (1992) 
               10.49 Weil et al. (1974) cited in Dickhut et 
al. (1986) 
             9.77  10.37 Opperhuizen et al. (1988) 
         8.94  9.33  10.13  10.52 Wang et al. (2003) 
             10.79  12.02 Kühne et al. (1995) 
             10.10  10.60 Mitchell and Jurs (1998) 
         8.87  9.25  10.03  10.33 Makino (1998) 
               10.83 Miller et al. (1984) 
               10.80 Paschke et al. (1998) 
        7.87  8.18  8.43  8.66  Burkhard et al. (1985) 
        7.88  8.20  8.91  9.27  van Noort et al. (2010) 
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Figure S1: Variability in A) literature SW(S) values for test PCDD/Fs and PCBs (all data given 
in Table S1, outliers were excluded and are not presented) and B) KPDMSw values for these 
compounds calculated as SPDMS(S)/SW(S) using SPDMS(S) measured in the present study and 
the median literature values for SW(S) in A). Our selected KPDMSw values were the median 
values shown in B) (indicated by the symbols). For the box and whisker plots: the box 
represents the 25-75th percentile range, whiskers the lower and upper 1.5*interquartile 
ranges (IQR), the horizontal bar is the median value, red crosses are the arithmetic means, 
outliers are shown as circles (1.5-3*IQR from rest of scores) and extreme values are crosses 
(>3*IQR from rest of scores).  
 
Section S3 Error propagation – multiplication and division  
For derived partition coefficients (𝐾𝐾�) that were obtained as a product of partition 
coefficients, the uncertainties ê were calculated by adding the relative (fractional) errors of 
each component (either the standard deviation or the standard error of the mean) in 
quadrature: 
?̂?𝑒
𝐾𝐾�
=  ��(𝑒𝑒𝑟𝑟𝑘𝑘
𝑟𝑟=1
/𝐾𝐾𝑟𝑟)2 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒(𝑆𝑆8) 
where Ki are the individual input partition coefficients with each their uncertainty ei.   
Based on this propagated error calculation the relative standard error (%RSE) for solubility 
derived KPDMSw data with the most hydrophobic PCDDs and PCBs were calculated and 
resulted in 20, 20 and 30 %RSE for HxCDD, HpCDD and OCDD, respectively and 24, 24, 
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and 26 for PCB 182, 204 and 209, respectively. These %RSE are overall smaller than the 
typical high uncertainty reported in the literature (Reichenberg et al., 2008; DiFilippo and 
Eganhouse, 2010) and therefore with the arguments outlined in the main MS present a 
robust estimate. 
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Figure S2. Kinetics of SHOC uptake into clean PDMS fibres for A) PCDDs/OCDF and B) 
PCBs. Solid lines represent a one phase exponential model fit to the data using a least 
squares non-linear regression. Although the regression model did not converge for PCB206 
and PCB209, a stable equilibrium value was reached after approximately 24 hours and this 
was taken to be the maximum solubility for these congeners. 
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Table S2: Predicted SPDMS(S) and log KPDMSw for PCDD and PCB congeners using literature 
values for acrystal and SW(L) for the calculations. 
 log 
KOW1 
Molecular 
weight acrystal
2 SW(L) 3 SPDMS(S) log KPDMSw 
    µM µM  
PCDDs:       
DD 4.78 184.19 1.43E-01 2.74E+01 9.73E+03 3.40 
1-MCDD 5.09 218.64 2.16E-01 7.08E+00 1.47E+04 3.98 
2-MCDD 5.20 218.64 2.25E-01 8.13E+00 1.54E+04 3.92 
2,3-DCDD 5.59 253.08 5.08E-02 1.30E+00 3.46E+03 4.72 
2,7-DCDD 5.59 253.08 3.04E-02 3.38E-01 2.07E+03 5.30 
2,8-DCDD 5.59 253.08 5.86E-02 1.29E+00 3.99E+03 4.72 
1,2,4-TrCDD 5.93 287.53 4.71E-02 5.28E-01 3.21E+03 5.11 
1,2,3,4-TCDD 6.46 321.97 1.67E-02 1.47E-01 1.14E+03 5.67 
1,2,3,7-TCDD 6.60 321.97 1.13E-02 1.55E-01 7.69E+02 5.64 
1,3,6,8-TCDD 6.56 321.97 6.72E-03 1.84E-01 4.58E+02 5.57 
2,3,7,8-TCDD 6.88 321.97 3.76E-03 1.04E-01 2.57E+02 5.82 
1,2,3,4,7-PnCDD 7.06 356.42 3.84E-03 1.03E-01 2.62E+02 5.82 
1,2,3,4,7,8-HxCDD 7.54 390.86 7.29E-04 2.64E-02 4.96E+01 6.41 
1,2,3,4,6,7,8-HpCDD 7.83 425.31 2.93E-04 1.58E-02 2.00E+01 6.63 
OCDD 8.32 459.75 5.48E-05 2.78E-03 3.73E+00 7.39 
PCBs:       
4-MCB 4.61 188.65 4.87E-01 1.61E+01 1.84E+04 3.37 
2,4'-DCB 5.11 223.10 6.51E-01 7.03E+00 2.46E+04 3.73 
4,4'-DCB 5.35 223.10 1.00E-01 3.30E+00 3.77E+03 4.06 
2,4,4'-TrCB 5.66 257.54 4.77E-01 9.89E-01 1.80E+04 4.58 
2,4,5-TrCB 5.65 257.54 2.73E-01 1.75E+00 1.03E+04 4.33 
2,4',5-TrCB 5.78 257.54 4.15E-01 8.25E-01 1.57E+04 4.66 
2,2',5,5'-TCB 5.95 291.99 3.12E-01 6.23E-01 1.18E+04 4.78 
2,3,4,5-TCB 6.14 291.99 1.76E-01 3.28E-01 6.64E+03 5.06 
2,2',4,5,5'-PnCB 6.38 326.43 3.53E-01 8.99E-02 1.33E+04 5.62 
2,3,3',4,4'-PnCB 6.78 326.43 8.60E-02 9.67E-02 3.24E+03 5.59 
2,3',4,4',5-PnCB 6.65 326.43 1.12E-01 8.14E-02 4.23E+03 5.67 
2,2',3,4,4',5'-HxCB 7.19 360.88 3.01E-01 1.97E-02 1.14E+04 6.28 
2,2',4,4',5,5'-HxCB 6.86 360.88 1.72E-01 3.24E-02 6.49E+03 6.07 
2,2',4,4',6,6'-HxCB 7.21 360.88 2.42E-01 3.23E-02 9.13E+03 6.07 
2,2',3,4,4',5,5'-HpCB 7.15 395.32 1.29E-01 1.72E-02 4.87E+03 6.34 
2,2',3,3',4,4',5,5'-OCB 7.76 429.77 7.40E-02 5.57E-03 2.79E+03 6.83 
1 KOW from Åberg et al. (2008) (PCDDs) and Hawker and Connell (1988) (PCBs) 
2 Solid crystalline activities calculated following approach of Åberg et al. (2008) (PCDDs) 
and from van Noort (2006) (PCBs) 
3 Subcooled liquid water solubilities from Åberg et al. (2008) (PCDDs) and Schenker et al. 
(2005) (PCBs) 
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Table S3: Experimentally determined literature values for log KPDMSw for PCDDs and 
PCBs. 
Compound log Kow† 
log 
KPDMSw Reference 
PCDDs:    
2378-TCDD 6.88 5.59 (Endo et al., 2011) 
2378-TCDD 6.88 5.94 Re-evaluation of the raw data (see Figure S3) 
12378-PnCDD 7.08 5.71 (Endo et al., 2011) 
12378-PnCDD 7.08 6.09 Re-evaluation of the raw data (see Figure S3) 
123478-HxCDD 7.54 5.89 (Endo et al., 2011) 
123478-HxCDD 7.54 6.32 Re-evaluation of the raw data (see Figure S3) 
PCBs:    
PCB-1 4.46 4.03 (Pörschmann et al., 2000) 
PCB-1 4.46 4.44 (Yang et al., 2006b) 
PCB-1 4.46 4.09 (Yang et al., 2006b) 
PCB-4 4.65 4.39 (Smedes et al., 2009) 
PCB-4 4.65 4.39 (Smedes et al., 2009) 
PCB-2 4.69 4.09 (ter Laak et al., 2008) 
PCB-2 4.69 4.18 (ter Laak et al., 2008) 
PCB-2 4.69 4.14 (ter Laak et al., 2008) 
PCB-10 4.84 4.38 (Smedes et al., 2009) 
PCB-10 4.84 4.38 (Smedes et al., 2009) 
PCB-16 5.16 5.12 (Hsieh et al., 2011) 
PCB-18 5.24 5.05 (ter Laak et al., 2008) 
PCB-18 5.24 5.13 (ter Laak et al., 2008) 
PCB-18 5.24 5.11 (ter Laak et al., 2008) 
PCB-18 5.24 4.91 (Hsieh et al., 2011) 
PCB-18 5.24 4.99 (Smedes et al., 2009) 
PCB-18 5.24 4.99 (Smedes et al., 2009) 
PCB-14 5.28 4.86 (ter Laak et al., 2008) 
PCB-14 5.28 4.94 (ter Laak et al., 2008) 
PCB-14 5.28 4.87 (ter Laak et al., 2008) 
PCB-14 5.28 4.82 (Smedes et al., 2009) 
PCB-14 5.28 4.82 (Smedes et al., 2009) 
PCB-15 5.3 4.65 (Pörschmann et al., 2000) 
PCB-15 5.3 5.11 (Yang et al., 2006b) 
PCB-15 5.3 4.83 (Yang et al., 2006b) 
PCB-32 5.44 5.12 (Hsieh et al., 2011) 
PCB-30 5.44 5.06 (Smedes et al., 2009) 
PCB-30 5.44 5.06 (Smedes et al., 2009) 
PCB-21 5.51 5.13 (Smedes et al., 2009) 
PCB-21 5.51 5.13 (Smedes et al., 2009) 
PCB-22 5.58 5.3 (Hsieh et al., 2011) 
PCB-33 5.6 5.18 (Hsieh et al., 2011) 
PCB-29 5.6 5.16 (Smedes et al., 2009) 
PCB-29 5.6 5.16 (Smedes et al., 2009) 
PCB-53 5.62 5.18 (Hsieh et al., 2011) 
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Compound log Kow† 
log 
KPDMSw Reference 
PCB-50 5.63 5.31 (Endo et al., 2011) 
PCB-50 5.63 5.51 (Smedes et al., 2009) 
PCB-50 5.63 5.51 (Smedes et al., 2009) 
PCB-28 5.67 5.27 (ter Laak et al., 2008) 
PCB-28 5.67 5.34 (ter Laak et al., 2008) 
PCB-28 5.67 5.24 (ter Laak et al., 2008) 
PCB-28 5.67 5.36 (Durjava et al., 2007) 
PCB-28 5.67 5.17 (Hsieh et al., 2011) 
PCB-31 5.67 5.17 (Hsieh et al., 2011) 
PCB-28 5.67 5.04 (Pörschmann et al., 2000) 
PCB-28 5.67 5.23 (Smedes et al., 2009) 
PCB-31 5.67 5.2 (Smedes et al., 2009) 
PCB-28 5.67 5.47 (Yang et al., 2006b) 
PCB-28 5.67 5.18 (Yang et al., 2006b) 
PCB-28 5.67 5.23 (Smedes et al., 2009) 
PCB-31 5.67 5.2 (Smedes et al., 2009) 
PCB-41 5.69 5.49 (Hsieh et al., 2011) 
PCB-44 5.75 5.44 (Hsieh et al., 2011) 
PCB-44 5.75 5.52 (Smedes et al., 2009) 
PCB-44 5.75 5.52 (Smedes et al., 2009) 
PCB-48 5.78 5.49 (Hsieh et al., 2011) 
PCB-104 5.81 5.61 (Endo et al., 2011) 
PCB-104 5.81 6.01 (Smedes et al., 2009) 
PCB-35 5.82 5.23 (ter Laak et al., 2008) 
PCB-35 5.82 5.30 (ter Laak et al., 2008) 
PCB-35 5.82 5.29 (ter Laak et al., 2008) 
PCB-52 5.84 5.38 (Mayer et al., 2000) 
PCB-52 5.84 5.58 (ter Laak et al., 2008) 
PCB-52 5.84 5.65 (ter Laak et al., 2008) 
PCB-52 5.84 5.60 (ter Laak et al., 2008) 
PCB-52 5.84 5.59 (Durjava et al., 2007) 
PCB-52 5.84 5.48 (Hsieh et al., 2011) 
PCB-52 5.84 5.55 (Pörschmann et al., 2000) 
PCB-52 5.84 5.54 (Smedes et al., 2009) 
PCB-52 5.84 5.54 (Smedes et al., 2009) 
PCB-47 5.85 5.49 (Hsieh et al., 2011) 
PCB-47 5.85 5.53 (Smedes et al., 2009) 
PCB-49 5.85 5.61 (Smedes et al., 2009) 
PCB-47 5.85 5.86 (Yang et al., 2006b) 
PCB-47 5.85 5.64 (Yang et al., 2006b) 
PCB-47 5.85 5.53 (Smedes et al., 2009) 
PCB-49 5.85 5.61 (Smedes et al., 2009) 
PCB-65 5.86 5.35 (Mayer et al., 2000) 
PCB-71 5.98 5.49 (Hsieh et al., 2011) 
PCB-56 6.11 5.86 (Hsieh et al., 2011) 
PCB-60 6.11 5.86 (Hsieh et al., 2011) 
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Compound log Kow† 
log 
KPDMSw Reference 
PCB-55 6.11 5.65 (Smedes et al., 2009) 
PCB-56 6.11 5.71 (Smedes et al., 2009) 
PCB-55 6.11 5.65 (Smedes et al., 2009) 
PCB-56 6.11 5.71 (Smedes et al., 2009) 
PCB-95 6.13 5.77 (Hsieh et al., 2011) 
PCB-66 6.2 5.7 (Hsieh et al., 2011) 
PCB-70 6.2 5.79 (Hsieh et al., 2011) 
PCB-66 6.2 5.69 (Smedes et al., 2009) 
PCB-66 6.2 5.69 (Smedes et al., 2009) 
PCB-103 6.22 5.79 (Endo et al., 2011). 
PCB-136 6.22 6.01 (Endo et al., 2011) 
PCB-145 6.25 6.48 (Smedes et al., 2009) 
PCB-72 6.26 5.78 (ter Laak et al., 2008) 
PCB-72 6.26 5.86 (ter Laak et al., 2008) 
PCB-72 6.26 5.83 (ter Laak et al., 2008) 
PCB-83 6.26 6.02 (Hsieh et al., 2011) 
PCB-87 6.29 6.19 (Hsieh et al., 2011) 
PCB-97 6.29 6.05 (Hsieh et al., 2011) 
PCB-87 6.29 6.04 (Smedes et al., 2009) 
PCB-97 6.29 5.93 (Smedes et al., 2009) 
PCB-87 6.29 6.04 (Smedes et al., 2009) 
PCB-97 6.29 5.93 (Smedes et al., 2009) 
PCB-85 6.3 6.38 (Hsieh et al., 2011) 
PCB-85 6.3 5.93 (Smedes et al., 2009) 
PCB-85 6.3 5.93 (Smedes et al., 2009) 
PCB-78 6.35 5.62 (Endo et al., 2011). 
PCB-78 6.35 5.67 (Smedes et al., 2009) 
PCB-78 6.35 5.67 (Smedes et al., 2009) 
PCB-77 6.36 5.61 (ter Laak et al., 2008) 
PCB-77 6.36 5.67 (ter Laak et al., 2008) 
PCB-77 6.36 5.57 (ter Laak et al., 2008) 
PCB-101 6.38 5.71 (Mayer et al., 2000) 
PCB-101 6.38 6.07 (ter Laak et al., 2008) 
PCB-101 6.38 6.14 (ter Laak et al., 2008) 
PCB-101 6.38 6.06 (ter Laak et al., 2008) 
PCB-101 6.38 6.07 (Durjava et al., 2007) 
PCB-101 6.38 6.01 (Hsieh et al., 2011) 
PCB-101 6.38 6.01 (Smedes et al., 2009) 
PCB-101 6.38 6.21 (Yang et al., 2006b) 
PCB-101 6.38 6.08 (Yang et al., 2006b) 
PCB-101 6.38 6.01 (Smedes et al., 2009) 
PCB-99 6.39 6.17 (Hsieh et al., 2011) 
PCB-99 6.39 6.1 (Smedes et al., 2009) 
PCB-99 6.39 6.1 (Smedes et al., 2009) 
PCB-155 6.41 6.03 (Mayer et al., 2000) 
PCB-155 6.41 6.63 (Smedes et al., 2009) 
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Compound log Kow† 
log 
KPDMSw Reference 
PCB-112 6.45 5.71 (Mayer et al., 2000) 
PCB-110 6.48 6.03 (Hsieh et al., 2011) 
PCB-110 6.48 6.02 (Smedes et al., 2009) 
PCB-110 6.48 6.02 (Smedes et al., 2009) 
PCB-132 6.58 6.4 (Hsieh et al., 2011) 
PCB-135 6.64 6.48 (Hsieh et al., 2011) 
PCB-151 6.64 6.31 (Hsieh et al., 2011) 
PCB-151 6.64 6.38 (Smedes et al., 2009) 
PCB-151 6.64 6.38 (Smedes et al., 2009) 
PCB-105 6.65 5.89 (Mayer et al., 2000) 
PCB-105 6.65 6.4 (Hsieh et al., 2011) 
PCB-105 6.65 6.07 (Smedes et al., 2009) 
PCB-105 6.65 6.07 (Smedes et al., 2009) 
PCB-149 6.67 6.42 (Hsieh et al., 2011) 
PCB-149 6.67 6.4 (Smedes et al., 2009) 
PCB-149 6.67 6.4 (Smedes et al., 2009) 
PCB-179 6.73 6.73 (Hsieh et al., 2011) 
PCB-118 6.74 5.87 (Mayer et al., 2000) 
PCB-118 6.74 6.10 (ter Laak et al., 2008) 
PCB-118 6.74 6.14 (ter Laak et al., 2008) 
PCB-118 6.74 5.87 (ter Laak et al., 2008) 
PCB-118 6.74 6.06 (Durjava et al., 2007) 
PCB-118 6.74 6.23 (Hsieh et al., 2011) 
PCB-128 6.74 6.61 (Hsieh et al., 2011) 
PCB-118 6.74 5.97 (Pörschmann et al., 2000) 
PCB-118 6.74 6.09 (Smedes et al., 2009) 
PCB-128 6.74 6.44 (Smedes et al., 2009) 
PCB-118 6.74 6.09 (Smedes et al., 2009) 
PCB-128 6.74 6.44 (Smedes et al., 2009) 
PCB-154 6.76 6.17 (Mayer et al., 2000) 
PCB-141 6.82 6.73 (Hsieh et al., 2011) 
PCB-141 6.82 6.41 (Smedes et al., 2009) 
PCB-141 6.82 6.41 (Smedes et al., 2009) 
PCB-138 6.83 6.20 (Mayer et al., 2000) 
PCB-138 6.83 6.40 (Durjava et al., 2007) 
PCB-138 6.83 6.61 (Hsieh et al., 2011) 
PCB-137 6.83 6.54 (Smedes et al., 2009) 
PCB-138 6.83 6.46 (Smedes et al., 2009) 
PCB-137 6.83 6.54 (Smedes et al., 2009) 
PCB-138 6.83 6.46 (Smedes et al., 2009) 
PCB-126 6.89 6.09 (ter Laak et al., 2008) 
PCB-126 6.89 6.14 (ter Laak et al., 2008) 
PCB-126 6.89 5.89 (ter Laak et al., 2008) 
PCB-146 6.89 6.66 (Hsieh et al., 2011) 
PCB-153 6.92 6.16 (Mayer et al., 2000) 
PCB-153 6.92 6.48 (ter Laak et al., 2008) 
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Compound log Kow† 
log 
KPDMSw Reference 
PCB-153 6.92 6.53 (ter Laak et al., 2008) 
PCB-153 6.92 6.68 (ter Laak et al., 2008) 
PCB-153 6.92 6.36 (Durjava et al., 2007) 
PCB-153 6.92 6.62 (Hsieh et al., 2011) 
PCB-153 6.92 6.05 (Pörschmann et al., 2000) 
PCB-153 6.92 6.45 (Smedes et al., 2009) 
PCB-153 6.92 6.68 (Yang et al., 2006b) 
PCB-153 6.92 6.45 (Yang et al., 2006b) 
PCB-153 6.92 6.45 (Smedes et al., 2009) 
PCB-163 6.99 6.56 (Hsieh et al., 2011) 
PCB-158 7.02 6.83 (Hsieh et al., 2011) 
PCB-177 7.08 7.02 (Hsieh et al., 2011) 
PCB-171 7.11 6.78 (Hsieh et al., 2011) 
PCB-174 7.11 7.04 (Hsieh et al., 2011) 
PCB-185 7.11 6.86 (Hsieh et al., 2011) 
PCB-187 7.17 6.96 (Hsieh et al., 2011) 
PCB-187 7.17 6.66 (Smedes et al., 2009) 
PCB-187 7.17 6.66 (Smedes et al., 2009) 
PCB-156 7.18 6.28 (Mayer et al., 2000) 
PCB-156 7.18 6.4 (Smedes et al., 2009) 
PCB-156 7.18 6.4 (Smedes et al., 2009) 
PCB-182 7.20 6.39 (Endo et al., 2011) 
PCB-183 7.2 6.26 (Hsieh et al., 2011) 
PCB-202 7.24 6.78 (Hsieh et al., 2011) 
PCB-202 7.24 6.77 (Yang et al., 2006b) 
PCB-202 7.24 6.2 (Yang et al., 2006b) 
PCB-170 7.27 6.82 (Hsieh et al., 2011) 
PCB-170 7.27 6.8 (Smedes et al., 2009) 
PCB-170 7.27 6.8 (Smedes et al., 2009) 
PCB-204 7.30 6.92 (Endo et al., 2011) 
PCB-204 7.3 7.42 (Smedes et al., 2009) 
PCB-180 7.36 6.40 (Mayer et al., 2000) 
PCB-180 7.36 6.67 (ter Laak et al., 2008) 
PCB-180 7.36 6.78 (ter Laak et al., 2008) 
PCB-180 7.36 6.76 (ter Laak et al., 2008) 
PCB-180 7.36 6.59 (Durjava et al., 2007) 
PCB-180 7.36 6.89 (Hsieh et al., 2011) 
PCB-180 7.36 6.24 (Pörschmann et al., 2000) 
PCB-180 7.36 6.72 (Smedes et al., 2009) 
PCB-180 7.36 6.76 (Yang et al., 2006b) 
PCB-180 7.36 6.54 (Yang et al., 2006b) 
PCB-180 7.36 6.72 (Smedes et al., 2009) 
PCB-195 7.56 6.89 (Hsieh et al., 2011) 
PCB-201 7.62 7.06 (Hsieh et al., 2011) 
PCB-203 7.65 6.85 (ter Laak et al., 2008) 
PCB-203 7.65 7.05 (ter Laak et al., 2008) 
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Compound log Kow† 
log 
KPDMSw Reference 
PCB-203 7.65 6.95 (ter Laak et al., 2008) 
PCB-203 7.65 7.09 (Hsieh et al., 2011) 
PCB-194 7.8 6.79 (Hsieh et al., 2011) 
PCB-206 8.09 7.04 (Yang et al., 2006b) 
PCB-206 8.09 6.16 (Yang et al., 2006b) 
PCB-209 8.18 6.84 (Yang et al., 2006b) 
PCB-209 8.18 5.59 (Yang et al., 2006b) 
† log KOW data from refs: PCDDs (excluding 12378-PnCDD) - Åberg et al. (2008); 12378-
PnCDD – median literature value reported by Mackay et al. (2006); PCBs - Hawker and 
Connell (1988).  
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Section S4 Determination of KPDMSw for PCDDs with the dynamic permeation method 
We previously developed a dynamic permeation method for the determination of KPDMSw of 
hydrophobic chemicals (Kwon et al., 2007). The method relied on measuring the time 
dependence of diffusion from a PDMS disk (denoted donor PDMS) preloaded with the 
chemical of interest via a water compartment to a clean PDMS disk (acceptor PDMS) over 
a distance of approximately 5 mm. The rate constant for desorption from PDMS, kd, can be 
determined from the ratio between the concentration in the donor and acceptor cell (equation 
S8): 
 (S9) 
The KPDMSw was then derived with equation S9 from the kd (Kwon et al., 2007). The thickness 
of the unstirred water layer δw was adjusted to 12.5 µm by defined stirring as described in 
Kwon et al. (2007), the mean volume of PDMS was 28 µL (Endo et al., 2011) and the 
diffusion coefficient in water Dw was calculated from the compound molecular weight 
(Schwarzenbach et al., 2003). Details of the derivation are given in Kwon et al. (2007). 
 (S10) 
In this method development study, the most hydrophobic chemical assessed was 
benzo[ghi]perylene with a log Kow of 6.9 (Kwon et al., 2007). Within the 4 days, up to 2.5% 
of the chemicals had reached the acceptor PDMS disk. The KPDMSw from the dynamic 
permeation method agreed well with other conventional methods such as the shake flask 
method (Kwon et al., 2007). To extend the method to even more hydrophobic chemicals, we 
expanded the time of experiment to 29 days. This way the method could be expanded to 
PDBEs up to BDE-153 with a log Kow of 7.9, however, it was not possible to determine the 
KPDMSw of BDE-209 with a log Kow of 8.94 (Endo et al., 2013). The validity of the measured 
KPDMSw of PDBEs was assured by comparison with a depletive shake flask method which 
was slightly modified from the original shake flask method to accommodate SHOCs (Endo 
et al., 2013).  
The dynamic permeation method was also applied to PCDDs (see Supporting Information 
SI-1 and Table SI-1-1 in Endo et al. (2011)). In the 30 days of the experiment, between 9% 
(2,3,7,8-TCDD) and 2% (OCDD) of chemicals reached the acceptor disk but a reliable 
determination of the KPDMSw was only possible for 2,3,7,8-TCDD, 1,2,3,7,8-PnCDD and 
1,2,3,4,7,8-HxCDD (Figure S3) due to large scatter of the experimental data. Two 
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independent 30 d experiments were run and the results were repeatable but the large 
variability remained (Figure S3). There was no large loss of the water phase because the 
glass cells were kept in a plastic bag in a humid environment, which was regularly 
replenished, but some of the variability of the data could have resulted from evaporation. In 
addition, the tumble stirring speed is crucial for the experiment because it determines the 
thickness of the unstirred water layer, which is a critical input parameter in equation S16. 
During the long incubation time of 30 days, the cells had to be shifted back and forth between 
two tumble stirrers because the stirrer motors are not made for such a long running time. 
Any of the above issues should have rather resulted in the kinetics of desorption slowing 
down, not accelerating. It is possible, however, that despite the use of ultrapure water, 
bacterial growth could have occurred without leading to visible turbidity. Small colloidal 
particles accelerate the transfer across the unstirred water layer, which could have resulted 
in an increase of kd.  
We therefore re-evaluated the transfer kinetics data using only the points up to 15 days to 
derive the kd from the slope of the linear regression (Figure S3). The resulting KPDMSw are 
listed in Table S3 and compared with the values reported in Endo et al. (2011). The re-
evaluated KPDMSw are clearly more consistent with the solubility method developed in the 
present work as a comparison for HxCDD demonstrates (log KPDMSw = 6.32 for the dynamic 
permeation method and 6.42 for the solubility-derived method).   
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Figure S3: Re-evaluation of the original PCDD data measured with the dynamic permeation 
method. As is visible from the plot, there appears to be biphasic kinetics - the initial linear 
regression between 0 to 15 days has a smaller slope, i.e., a smaller transfer coefficient for 
desorption kd than the time points from 15 to 30 days. Only the time points up to 15 days 
were used for the re-evaluation of the data. 
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Table S4: Solubility-derived KPDMSw estimated in the present study compared to a) the (range of) literature values for measured KPDMSw, 
and b) predicted KPDMSw based on four different linear solvation energy relationships (LSER) using Abraham solvation parameters reported 
in the literature. 
    Abraham solvation parameters log KPDMSw 
  A B S E V 
Solubility-
derived Measured Predicted using LSER 
 SHOC Ref       (dm
3 mol-1) /100 This study For refs see Table S3 Ref d Ref e Ref f Ref g 
123478-HxCDD a 0 0.11 1.91 2.13 2.0674 6.42 6.32 6.12 5.91 5.92 5.83 
1234678-HpCDD a 0 0.01 1.98 2.22 2.1898 6.68 n.d. 6.71 6.72 6.71 6.61 
OCDD a 0 0 2.07 2.32 2.3122 7.25 n.d. 7.07 7.14 7.12 7.02 
PCB182 b 0 0.09 1.87 2.30 2.1810 6.63 6.39 6.61 6.57 6.55 6.43 c 0 0 1.61 2.42 1.9201 6.27 6.43 6.38 6.21 
PCB204 b 0 0.06 2.00 2.52 2.3034 6.92 6.92-7.42 7.03 7.08 7.06 6.94 c 0 0 1.55 2.62 1.9556 6.50 6.76 6.70 6.50 
PCB206 b 0 0.04 2.13 2.60 2.4258 7.51 6.16-7.04 7.38 7.47 7.45 7.34 c 0 0 1.87 2.72 2.1649 6.93 7.13 7.09 6.92 
PCB209 b 0 0.02 2.26 2.72 2.5500 7.59 5.59-6.84 7.75 7.89 7.87 7.76 c 0 0 1.77 2.94 2.2004 7.20 7.53 7.47 7.27 
n.d. not determined previously  
a. Absolv software in the ACD suite (Advanced Chemistry 
Development) 
 
b. Abraham and Al-Hussaini (2005)  
c. van Noort et al. (2010)  
 LSER equation Fit Data set 
d. DiFilippo and 
Eganhouse 
(2010) 
log KPDMSw = 0.74 + 0.39 E - 0.73 S - 1.11 A - 2.31 B + 3 V 
R2 = 0.94 76 PCBs to PCB209, 4 PBDEs to 
BDE183 in data set, no PCDDs 
e. Sprunger et al. 
(2007) log KPDMSw = 0.268 + 0.601 E - 1.416 S - 2.523 A - 4.107 B + 3.637 V 
n = 170, R2 = 0.993, 
SD = 0.171 
combined "wet" and "dry" data; 15 
PCBs up to PCB180, no PCDDs 
f. Sprunger et al. 
(2007) log KPDMSw = 0.246 + 0.568 E - 1.305 S - 2.565 A - 3.928 B + 3.573 V 
n = 107, R2 = 0.993, 
SD = 0.164 
"wet" data, in contact with water; 15 
PCBs up to PCB180, no PCDDs 
Page 153 of 196 
 
 
g. Xia et al. (2007) log KPDMSw = 0.09 + 0.49 E - 1.11 S - 2.36 A - 3.78 B + 3.50 V n = 32, R2 = 0.995 no PCBs, no PCDDs 
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Table S5: SPDMS(S) (µM) and solubility-derived log KPDMSw, including number of replicates 
and replicate variability (%RSD), for three different PolyMicro Industries PDMS-coated 
fibres. Fibreguide Industries data are shown for comparison. 
Fibre 
 
PolyMicro 
7 µm 
PolyMicro 
30 µm 
PolyMicro 
100 µm 
Fibreguide 
50 µm 
      
VPDMS† µl 0.048 0.25 1.3 0.79 
      
Replicates (n)  5 4 5  
Average % RSD  5.9% 6.7% 4.5%  
SPDMS(S)      
1,2,3,4,7,8-HxCDD µM 78 99 62 49 
1,2,3,4,6,7,8-HpCDD µM 36 50 32 22 
OCDD µM 8.8 10 5.6 4.1 
      
log KPDMSw      
1,2,3,4,7,8-HxCDD  6.63 6.73 6.53 6.42 
1,2,3,4,6,7,8-HpCDD  6.89 7.03 6.84 6.68 
OCDD 
 
7.58 7.63 7.39 7.25 
† volume of PDMS in a 2 cm length fibre, PolyMicro data reported by ter Laak et al. (2008) 
 
 
Figure S4. Solubility-derived log KPDMSw determined for PCDDs (solid symbols) for three 
different PolyMicro Industries PDMS fibres (PDMS thickness of 7, 30 and 100 µm), 
compared to A) log KPDMSw reported for the PolyMicro fibres for PCBs (open symbols) by ter 
Laak et al. (2008) and B) solubility-derived log KPDMSw data for Fibreguide fibres (50 µm 
thickness PDMS, this study), plotted against molecular weight. 
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Appendix 2. Supporting Information for Chapter 3 
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Section S1 SDS partitioning to PDMS 
To determine whether SDS partitions to PDMS, we used an equilibrium batch system to 
establish the percentage of SDS partitioned to PDMS fibres at equilibrium. In brief, 24 mL 
vials were filled with 2.4 mg mL-1 of aqueous SDS solution (i.e. at a concentration 
approximately equal to the CMC of SDS when maximum partitioning to PDMS is expected 
to occur) containing 0.025 mg mL-1 NaN3. A 4 cm PDMS fibre (equivalent to 1.57 µL PDMS) 
was added to each vial. A time series over 2 to 14 days was established. After the respective 
exposure time, fibres were taken out of the partitioning vials, gently wiped with a damp lint 
free tissue and extracted in a methanol-milliQ water mixture containing 10 mM ammonium 
acetate (Haftka et al., 2015). To measure the aqueous phase concentration, a 250 µL aliquot 
of the SDS solution was extracted with methanol containing 13.33 mM ammonium acetate. 
KPDMSw values presented in Table S1 were calculated as the ratio of the measured 
concentrations in PDMS and the water phase, for each time point. 
Extracts were analysed on a hybrid triple quadrupole/Linear Ion Trap mass spectrometer 
system (5500 QTRAP® LC/MS/MS, AB Sciex Instruments, Foster City, CA). For the LC 
separation, a Shimadzu Nexera HPLC system (Shimadzu, Kyoto, Japan) with a binary pump 
was used. The analytical column was a reversed-phase Gemini-C18NX column (3 µm, 50 x 
2 mm, Phenomenex, Aschaffenburg, Germany). Mobile phases A and B were methanol and 
HPLC-grade water (containing 5 mM ammonium acetate), respectively. The gradient 
program started with 20% of B followed by a linear gradient up to 100% B over 4 min and 
then with this staying constant for a further 4 min. After a 10 s drop to 50% B the run 
continued for another 3 min. After this 11 min run time, 5 min of post-time followed using the 
initial mobile phase composition of 20% of B. The flow rate was set constant at 0.35 mL min-
1 during the whole process, and the injection volume was 5 µL. The HPLC system was 
connected to QqQ(LIT)-MS/MS with an electrospray interface (ESI) and was operated in 
negative ionization mode. The TurbolonSpray source settings were: IonSpray Voltage -4500 
V; Source Temperature, 500°C; Curtain Gas flow (CUR), 30 (arbitrary units); Collision Gas 
(CAD), Medium; Ion Source Gas Pressures (GS1 and GS2), 50 psi. Nitrogen was used as 
the nebulizer gas, curtain gas and collision gas.  
Less than 1.4% of SDS in solution was associated with PDMS (Table S1) for all replicates 
and all time points, and therefore we assumed that partitioning of SDS to PDMS was 
negligible in all subsequent experiments. 
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Table S1: Partitioning of SDS to PDMS was monitored for 2 weeks and SDS concentration 
in the exposed PDMS was quantified after 2, 5, 9 and 14 days exposure (n = 2 per time 
point).   
Sample  KPDMSw % of SDS in PDMS 
2 days - replicate 1 0.0021 0.21% 
2 days - replicate 2 0.0036 0.36% 
5 days - replicate 1 0.0038 0.38% 
5 days - replicate 2 0.0034 0.34% 
9 days - replicate 1 0.0139 1.39% 
9 days - replicate 2 0.0089 0.89% 
14 days - replicate 1 0.0069 0.69% 
14 days - replicate 2 0.0063 0.63% 
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Section S2 Predicting loaded mass associated with swelling method 
 
To predict the mass of analyte loaded to the PDMS sheets, it was assumed that loading into 
the PDMS occurs via two independent mechanisms: transfer in the dissolved state with the 
loading solvent, toluene or isooctane (which is taken into the PDMS via swelling), and via 
partitioning to the PDMS (in a similar way to partitioning between a non-swelling solvent and 
a polymer). Based on the contaminant partitioning between PDMS and loading solvent 
(KPDMS-solvent) and the PDMS swelling ratio, S (and assuming three-dimensional swelling of 
PDMS), the contaminant mass in PDMS due to partitioning and solvent swelling can be 
estimated.   
A total mass balance for the system can be defined as: 
𝑀𝑀total = 𝑀𝑀PDMS + 𝑀𝑀solvent = 𝑀𝑀PDMS + 𝑀𝑀solvent(PDMS) + 𝑀𝑀solvent(remaining) (S1) 
where Mtotal is the initial mass of contaminant dissolved in the toluene, MPDMS is the mass of 
contaminant partitioned to the PDMS at equilibrium and Msovlent is the mass of contaminant 
in the loading solvent at equilibrium. The contaminant in the loading solvent is distributed 
between the mass in the solvent taken into the PDMS via swelling, Msolvent(PDMS), and the 
mass remaining in the loading solution (not taken into the PDMS), Msolvent(remaining).  
The total mass of contaminant in the PDMS at equilibrium, MPDMStotal, can be defined in terms 
of the volumes of loading solvent and PDMS (Vsovlent and VPDMS, respectively), the PDMS 
swelling ratio, S, and the PDMS-loading solvent partition coefficient, KPDMS-solvent (Grant et 
al., 2016): 
𝑀𝑀PDMStotal = 𝑃𝑃total
�1+ 𝑉𝑉solvent
𝑉𝑉PDMS 𝐾𝐾PDMS−solvent�  + 𝑉𝑉PDMS(𝑆𝑆3−1) 𝑃𝑃total(𝑉𝑉solvent+ 𝑉𝑉PDMS 𝐾𝐾PDMS−solvent)   (S2) 
In equation (S2), the left hand term is the mass in the PDMs attributed to partitioning, MPDMS, 
and the right hand term is the mass in the loading solvent taken into the PDMS via swelling, 
Msolvent(PDMS). Thus, the percentage of mass in the PDMS at equilibrium due to swelling can 
be determined.  
The loading solvent for PCDDs was toluene and isooctane for PCBs. KPDMS-solvent was 
determined as KPDMSw divided by Ksolvent-water. KPDMSw values were taken from the literature 
(Table S2). Ktoluene-water was estimated using Abraham solvation equations reported by 
Abraham (Absolv software in the Advanced Chemistry Development (ACD) suite). Kisooctane-
water was estimated using Abraham solvation equations reported by Stephens et al. (2011). 
Abraham solvation parameters were sourced from the Advanced Chemistry Development 
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(ACD) suite and van Noort et al. (2010) for PCDDs and PCBs, respectively. Swelling ratios 
were measured following the methods of Lee et al. (2003). 
Table S2: Parameter values to predict loaded mass associated with swelling method per 
equation S2. 
 
Loading 
solvent log KPDMSw 
log Ksolvent-
water 
KPDMS-solvent 
Swelling  
ratio, S 
% uploaded 
by swellingC 
TCDD toluene 5.9 a 6.6 0.22 1.38 88% 
PnCDD toluene 6.1 a 7.7 0.025 1.38 98% 
HxCDD toluene 6.4 a 8.8 0.0041 1.38 >99% 
HpCDD toluene 6.7 a 9.8 0.00069 1.38 >99% 
OCDD toluene 7.3 a 10.4 0.00073 1.38 >99% 
PCB78 isooctane 5.6 b 6.4 0.17 1.50 93% 
PCB103 isooctane 5.8 b 6.5 0.20 1.50 92% 
PCB104 isooctane 5.6 b 6.3 0.18 1.50 93% 
PCB136 isooctane 6.0 b 6.8 0.17 1.50 93% 
PCB182 isooctane 6.6 b 7.3 0.22 1.50 92% 
PCB204 isooctane 6.9 b 7.6 0.17 1.50 93% 
PCB206 isooctane 7.5 b 8.1 0.23 1.50 91% 
PCB209 isooctane 7.6 b 8.5 0.12 1.50 95% 
a Grant et al. (2016) 
b Endo et al. (2011) 
c Calculated from equation (S2) 
The predicted loaded PDMS concentration using a PCDD loading solution concentration of 
0.7 µg mL-1 was 1.1-1.3 µg mL-1 compared to experimental measured PDMS concentrations 
of 1.1-1.3 µg mL-1 (Table S3), across the five congeners (i.e. ratio of predicted to measured 
concentration ranging 0.89-1.12 for individual congeners). For the PCBs, a higher loading 
concentration of 3.5 µg mL-1 per congener in isooctane, resulted in predicted PDMS 
concentrations of 8.7-9.1 µg mL-1 compared to measured concentrations of 7.7-10.2 µg mL-
1 (Table S3), across the eight congeners (i.e. ratio of predicted to measured ranging 0.85-
1.17 for individual congeners).  
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Section S3: Instrumental analysis  
Samples were concentrated to near dryness and reconstituted in 15 to 20 µL toluene or 
isooctane containing the quantification standards 1,2,3,4,7,8,9-HpCDD (300 pg µL-1) and 
PCB118 (200 pg µL-1) for PCDDs and PCBs, respectively.  
The concentrations of PCDDs and PCBs in the samples at concentrations greater than 100 
pg µL-1 were quantified on a Hewlett Packard 5890 Gas Chromatograph-Electron Capture 
Detector (GC-ECD) Series II fitted with an HP-7673A autosampler (Hewlett Packard, Palo 
Alto, USA) and a DB-5 column (30 m × 0.25 mm i.d.) (Agilent Technologies, Santa Clara, 
USA). The method followed that of Grant et al. (2016). An inlet temperature of 250°C, a 
detector temperature of 300°C, and a Helium flow rate of 1.5 mL min-1 were used. Splitless 
injection mode and an injection volume of 1 µL were used for all injections. The oven 
temperature program for PCDDs/PCBs was 120°C for 2 min followed by a first temperature 
ramp of 20°C min-1 to 200°C followed by a 2 min hold. Subsequently, a 5°C min-1 
temperature ramp to 300°C followed by a 4 min hold. 
The concentrations of PCDDs and PCBs in the samples at concentrations between 1 to 100 
pg µL-1 were analysed on a high resolution GC-MS (HRGC-MS; Thermo DFS) and quantified 
with TargetQuan3 software (Thermo Fisher Scientific Inc. Waltham, USA). A sample volume 
of 1.6 µL was injected in a splitless injector heated to 290°C. Chromatographic separation 
was achieved on a Gas Chromatograph (Thermo Scientific Trace 1300) equipped with a 
DB-5-MS column (30 m × 0.25 mm i.d.) (Agilent Technologies, Santa Clara, USA). Oven 
temperature was held at 100°C for 1 min followed by a first temperature ramp of 40°C min-
1 to 200°C followed by a 3°C min-1 ramp to 235°C. Subsequently, a 5°C min-1 temperature 
ramp to 300°C followed by a 1.2 min hold. Carrier gas flow was at 1.1 mL min-1 (helium). 
Detection was achieved in multiple ion-monitoring mode. Mass spectrometry was performed 
on a high resolution mass spectrometer (Thermo Scientific DFS) operated in electron impact 
(EI) mode at mass resolution R ≥ 10000 for PCDDs and PCBs. Ionisation energy was 70 eV 
and ion source temperature 270 °C.  
PCDDs peak areas were recorded and normalized to the peak area of the internal standard 
(1,2,3,4,7,8,9-HpCDF) for quantification. Calibration curves were established for a 
concentration range of 1-50 or 50-800 pg µL-1 with external standards including 
1,2,3,4,7,8,9-HpCDF. The PCB concentrations were quantified with PCB 118 as internal 
standard and the concentration range for the external standards was 100-1,600 pg µL-1. The 
HRGC-MS and GC-ECD performance were tested every 5 to 6 samples by injecting a quality 
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assurance standard comprising either the PCB or PCDD mixture and relevant quantification 
standard at 7.5 and 25 or 400 pg µL-1, respectively 
 
 
 
 
 
Figure S1A: PCDD (left) and PCB (right) concentration in PDMS after exposure to SDS 
micelle solution (PCDDs: 3 times CMC, PCBs: 4 times CMC) at consecutive time points. 
Error bars represent standard deviation (n = 5).  
 
 
Figure S1B: PCDD concentration remaining in PDMS after exposure to SDS monomer 
solution at consecutive time points (left: 30% CMC; right 80% CMC) Error bars represent 
standard deviation (n = 5). 
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Section S4 SHOC losses to surfactant monomers sorbed to vial surface  
If surfactants were sorbed to the vial surfaces/air-water interface, maximum sorption is 
expected to occur at the CMC. Our monomer experiments were performed below CMC, so 
the mass of surfactant losses in our experiments should be less than that required to form 
a complete monolayer as the following calculation demonstrates: 
 
Vial internal surface area (Avial), determined as described in the MS, is 39.27 cm2. The 
surface area of the polar group of SDS (which will orientate to be in contact with the 
aqueous phase) as in Birdi (2015) occupies 50 Å2= 5*10-15 cm2 
 
The amount of SDS atoms that can physically fit on the surface is then: 
39.27 𝑐𝑐𝑚𝑚2
50∗10−16𝑐𝑐𝑚𝑚2𝑚𝑚𝑡𝑡𝑡𝑡𝑡𝑡𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡−1
 = 7.854 ∗ 1015 SDS molecules        (S3) 
 
Converting molecules to moles by division by the Avogadro number: 
7.854∗1015molecules
6.02214∗1023 molecules
1 mol  = 1.3 ∗ 10−8mol                (S4) 
Convert mol to g:      1.3 ∗ 10−8mol ∗ 288.37 g
1 mol = 3.76 ∗ 10−6g = 3.76 µg       (S5) 
 
Therefore, the maximum amount of SDS that can fit on the vial surface based on the polar 
groups’ area and assuming a monolayer formation is 3.8 µg compared to 15.44 mg (30% 
CMC) or 41.16 mg (80% CMC) SDS in the bulk phase. Hence, the monomer losses to 
glassware in our experiments would be less than 0.02% of the total SDS mass in the vials 
in all experiments, which is negligible. Therefore, the SHOC mass depleted from PDMS is 
expected to be associated with surfactant monomers. 
 
Section S5 Measurement of KGW for three test SHOCs in non-salinized and salinized 
glassware  
To determine whether contaminant loss to experimental glass surfaces is affected by 
silanization, we used an equilibrium batch system to measure the sorption constant between 
glass and water, KGW, by establishing the percentage of contaminants lost from PDMS to 
both silanized and non-silanized vial surfaces. In brief, 1 cm PDMS fibres (equivalent to 0.39 
µL PDMS each) were swelling-loaded with HxCDD, HpCDD and OCDD in toluene. A subset 
of loaded fibres (n= 10) was extracted in hexane to determine the initial SHOC concentration 
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uploaded (t=0). Remaining fibres were added individually to 21 mL vials containing milliQ 
water to the maximum volume. Two time points were taken at 12 and 32 days (n=3-5). After 
the respective exposure time, fibres were extracted in 270 µL hexane. Samples were 
analysed as described (SI Section S3). 
KGW was determined using a similar mass balance approach as described in the manuscript 
(section 2.2) The mass balance equation for a three phase system (PDMS, water, 
glassware) is:  
MPDMS,t=0 = MPDMS,eq + MW + MG    (S6)   
where MPDMS,t=0 is the mass of SHOCs loaded into the PDMS, i.e. the mass of SHOCs in 
the system, and MPDMS,eq, MW, Msurfactant and MG are the masses of SHOCs associated with 
PDMS, water, surfactant and glass surfaces, respectively, at equilibrium. MW can be 
determined from equation (4) in the MS:  
𝐾𝐾PDMSw = 𝐶𝐶PDMS𝐶𝐶W = 𝑉𝑉W𝑉𝑉PDMS �𝑃𝑃PDMS,eq𝑃𝑃W �  (4) (in MS)  
which rearranges to:    𝑀𝑀𝑊𝑊 = 𝑉𝑉𝑊𝑊𝐾𝐾PDMSw  𝑃𝑃PDMS,eq𝑉𝑉PDMS  (S7) 
 
KGW is defined in equation (5) in the MS: 
𝐾𝐾GW = 𝐶𝐶G𝐶𝐶W = 𝑉𝑉W𝐴𝐴G �𝑃𝑃G𝑃𝑃W�  (5) (in MS) 
 
Substituting for MG from equation (S6) and MW from equation (S7) into equation (5) from the 
MS, gives: 
𝐾𝐾GW = 𝑉𝑉W𝐴𝐴G �𝑃𝑃PDMS,t=0−𝑃𝑃PDMS,eq−� 𝑉𝑉W𝐾𝐾PDMSw 𝑀𝑀PDMS,eq𝑉𝑉PDMS �� 𝑉𝑉W
𝐾𝐾PDMSw
 𝑀𝑀PDMS,eq
𝑉𝑉PDMS
�
� (S8) 
 
Measured KGW determined using equation (S8) compared to predicted data based on the 
log KGW-log KOW relationship reported by Hsieh et al. (2011) in Table S3. 
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 Table S3: Measured and predicted KGW for silanized and non-silanized vials for three test 
PCDDs. *Predicted from log KGW-log KOW relationship reported by Hsieh et al. (2011) (see Manuscript). 
 
 
 
 
 
 
 
 
 
Figure S2: Comparison of KGW for three test PCDDs (HxCDD, HpCDD, OCDD) for 
silanized and non-silanized vials measured in the present study and predicted based from 
the log KGW-log KOW relationship reported by Hsieh et al. (2011) (see manuscript). 
 
 
 
 
 
 
HxCDD 0.72 10% 0.69 6% 3.78 0.50 9% 5.08 4.69
HpCDD 0.64 9% 0.62 5% 4.15 0.49 13% 5.16 4.96
OCDD 0.51 11% 0.48 5% 4.83 0.44 16% 5.34 5.42
average mass 
loaded, PDMS 
(ng)
% RSD
% 
RSD
mass extracted 
(ng)
silanized - experimental
K GW 
(µm3/µm2)
non silanized - experimental
non silanized -
predicted*
mass extraced 
(ng)
% RSD
K GW 
(µm3/µm2)
K GW 
(µm3/µm2)
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 Figure S3: Comparison of KMI for PCBs determined using different ratios of VW:VPDMS 
(based on vials of 180 and 270 µl volume and PDMS volume of 1.57 µl) and silanized 
compared to non-silanized glassware. Error bars represent standard deviation between 
replicates (n=5).   
 
 
Table S4: Concentrations of PCBs and PCDDs (average and % RSD) loaded onto PDMS 
fibres. 
Compound Average concentration  
(n = 9 per experiment*)  
(µg mL-1) 
% RSD 
2,3,7,8-TCDD 1.15 7.7% 
1,2,3,7,8-PnCDD 1.10 8.2% 
1,2,3,4,7,8-HxCDD 1.25 6.9% 
1,2,3,4,6,7,8-HpCDD 1.27 6.9% 
OCDD 1.24 7.7% 
PCB-104 8.65 10% 
PCB-103 8.07 8.9% 
PCB-78 8.34 7.0% 
PCB-136 10.2 6.1% 
PCB-182 8.73 4.5% 
PCB-204 9.64 7.0% 
PCB-206 7.70 6.4% 
PCB-209 8.27 7.5% 
* for each determination of KMI or KMO, 9 fibres were extracted as time zero replicates. 
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 Figure S4: Log KMI determined for the PCBs in this study, compared to values determined 
for a range of PCBs by Dulfer et al. (1995). Dulfer et al. (1995) fitted a polynomial curve to 
the log KMI-log KOW relationship for their data and concluded that there was a flattening of 
the linear relationship for higher chlorinated PCBs.   
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Table S5: Values for log KMI(SDS) reported in the literature for moderately and highly 
hydrophobic organic compounds (as displayed in Figure 2 main text). Literature KMI values 
reported as a ratio of mole fractions were converted to molar concentrations based on the 
approach of Sepulveda et al. (1986), and where applicable, converted to units of L kg-1 
assuming SDS density of 1.01 g cm-3. 
 log KOW log KMI log KMO Reference  
  L kg
-1 L kg-1  
Perylene 6.12 5.55  Almgren et al. (1979) 
Pyrene 5.18 4.44  Almgren et al. (1979) 
Anthracene 4.54 3.81  Almgren et al. (1979) 
1- Bromonaphthalene 4.35 3.53  Almgren et al. (1979) 
Biphenyl 4.09 3.07  Almgren et al. (1979) 
1-Methylnaphthalene 3.87 3.06  Almgren et al. (1979) 
Naphthalene 3.36 2.61  Almgren et al. (1979) 
p-Xylene 3.18 2.40  Almgren et al. (1979) 
Toluene 2.69 1.93  Almgren et al. (1979) 
Benzene 2.11 1.41  Almgren et al. (1979) 
pp'-DDT 6.36 5.38 2.68 Kile and Chiou (1989) 
1,2,3-TCB 4.07 3.54  Kile and Chiou (1989) 
Dichloromethane 1.25 1.08  Valsaraj and Thibodeaux (1989) 
Chloroform 1.96 1.62  Valsaraj and Thibodeaux (1989) 
Tetrachloromethane 2.83 2.23  Valsaraj and Thibodeaux (1989) 
Benzene 2.13 1.83  Valsaraj and Thibodeaux (1989) 
Toluene 2.69 2.01  Valsaraj and Thibodeaux (1989) 
m-Dichlorobenzene 3.48 2.67  Valsaraj and Thibodeaux (1989) 
Naphthalene 3.35 2.58  Valsaraj and Thibodeaux (1989) 
1-Methylnaphthalene 3.87 3.14  Valsaraj and Thibodeaux (1989) 
Anthracene 4.54 3.88  Valsaraj and Thibodeaux (1989) 
Pyrene 5.18 4.51  Valsaraj and Thibodeaux (1989) 
Biphenyl 4.09 3.15  Valsaraj and Thibodeaux (1989) 
PCB-15 5.30 4.99  Dulfer et al. (1995) 
PCB-14 5.28 4.61  Dulfer et al. (1995) 
PCB-30 5.44 5.22  Dulfer et al. (1995) 
PCB-29 5.60 5.23  Dulfer et al. (1995) 
PCB-40 5.66 5.39  Dulfer et al. (1995) 
PCB-61 6.04 5.65  Dulfer et al. (1995) 
PCB-49 5.85 5.77  Dulfer et al. (1995) 
PCB-116 6.33 5.78  Dulfer et al. (1995) 
PCB-136 6.22 5.92  Dulfer et al. (1995) 
PCB-155 6.41 6.34  Dulfer et al. (1995) 
PCB-128 6.74 6.32  Dulfer et al. (1995) 
PCB-180 7.36 6.62  Dulfer et al. (1995) 
PCB-198 7.62 6.44  Dulfer et al. (1995) 
PCB-209 8.18 6.70  Dulfer et al. (1995) 
Phenanthrene 4.52 4.55  Kim and Kwon (2010) 
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 log KOW log KMI log KMO Reference  
  L kg
-1 L kg-1  
Anthracene 4.50 4.87  Kim and Kwon (2010) 
Fluoranthene 5.20 5.09  Kim and Kwon (2010) 
Pyrene 5.18 5.28  Kim and Kwon (2010) 
Benzo[a]pyrene 6.35 6.44  Kim and Kwon (2010) 
Dibenzo[ac]anthracene 6.17 5.88  Kim and Kwon (2010) 
Dibenzo[ah]anthracene 6.75 6.14  Kim and Kwon (2010) 
Benzo[ghi]perylene 6.90 5.76  Kim and Kwon (2010) 
Naphthalene 3.36 3.06  Gouliarmou et al. (2012) 
Phenanthrene 4.52 4.26  Gouliarmou et al. (2012) 
Anthracene 4.50 4.34  Gouliarmou et al. (2012) 
Fluoranthene 5.20 4.86  Gouliarmou et al. (2012) 
Pyrene 4.88 4.92  Gouliarmou et al. (2012) 
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 Figure S5: Comparison of KPDMSw reported for higher chlorinated PCBs (log KOW 7.20 – 
8.18) by Grant et al. (2016) and less chlorinated PCBs (log KOW 4.65 – 7.36) by Smedes et 
al. (2009). 
 
 
 
Figure S6: Difference in the affinity of A) PCBs and B) PCDDs for SDS micelles, 
represented as KMI (closed symbols), and PDMS, represented by KPDMSw (open symbols). 
 
 
Page 174 of 196 
 
Supporting Information references 
Advanced Chemistry Development, 8 King Street East, Suite 107, Toronto, Ontario, Canada 
M5C 1B5. 
Almgren, M., Grieser, F., Thomas, J.K., 1979. Dynamic and static aspects of solubilization 
of neutral arenes in ionic micellar solutions. J. Am. Chem. Soc. 101, 279-291. 
Birdi, K., 2015. Handbook of surface and colloid chemistry. CRC Press. 
Dulfer, W.J., Bakker, M.W.C., Govers, H.A.J., 1995. Micellar solubility and micelle water 
partitioning of polychlorinated-biphenyls in solutions of sodium dodecyl-sulfate. Environ. Sci. 
Technol. 29, 985-992. 
Endo, S., Escher, B.I., Goss, K.-U., 2011. Capacities of Membrane Lipids to Accumulate 
Neutral Organic Chemicals. Environ. Sci. Technol. 45, 5912-5921. 
Gouliarmou, V., Smith, K.E., de, J.L.W., Mayer, P., 2012. Measuring binding and speciation 
of hydrophobic organic chemicals at controlled freely dissolved concentrations and without 
phase separation. Anal. Chem. 84, 1601-1608. 
Grant, S.C., Schacht, V., Escher, B.I., Hawker, D.W., Gaus, C., 2016. An experimental 
solubility approach to determine PDMS-water partition constants and PDMS activity 
coefficients. Environ Sci Technol. (Accepted 17/02/2016; 10.1021/acs.est.5b04655). 
Haftka, J.J.H., Hammer, J., Hermens, J.L.M., 2015. Mechanisms of Neutral and Anionic 
Surfactant Sorption to Solid-Phase Microextraction Fibres. Environ. Sci. Technol. 49, 11053-
11061. 
Hsieh, M.-K., Fu, C.-T., Wu, S.-C., 2011. Simultaneous estimation of glass–water 
distribution and PDMS–water partition coefficients of hydrophobic organic compounds using 
simple batch method. Environ. Sci. Technol. 45, 7785-7791. 
Kile, D.E., Chiou, C.T., 1989. Water solubility enhancements of DDT and trichlorobenzene 
by some surfactants below and above the critical micelle concentration. Environ. Sci. 
Technol. 23, 832 - 838. 
Kim, S.-J., Kwon, J.-H., 2010. Determination of Partition Coefficients for Selected PAHs 
between Water and Dissolved Organic Matter. CLEAN–Soil, Air, Water 38, 797-802. 
Lee, J.N., Park, C., Whitesides, G.M., 2003. Solvent Compatibility of Poly(dimethylsiloxane)-
Based Microfluidic Devices. Anal. Chem. 75, 6544-6554. 
Sepulveda, L., Lissi, E., Quina, F., 1986. Interactions of neutral molecules with ionic 
micelles. Adv. Colloid Interfac. Sci. 25, 1-57. 
Smedes, F., Geertsma, R.W., Zande, T.v.d., Booij, K., 2009. Polymer−Water Partition 
Coefficients of Hydrophobic Compounds for Passive Sampling: Application of Cosolvent 
Models for Validation. Environ. Sci. Technol. 43, 7047-7054. 
Stephens, T.W., Wilson, A., Dabadge, N., Tian, A., Hensley, H.J., Zimmerman, M., Acree 
Jr., W.E., Abraham, M.H., 2011. Correlation of solute partitioning into isooctane from water 
and from the gas phase based on updated Abraham equations. Global J. Phys. Chem. 3, 1-
16. 
Page 175 of 196 
 
Valsaraj, K.T., Thibodeaux, L.J., 1989. Relationships between micelle-water and octanol-
water partition constants for hydrophobic organics of environmental interest. Water Res. 23, 
183-189. 
van Noort, P.C.M., Haftka, J.J.H., Parsons, J.R., 2010. Updated Abraham Solvation 
Parameters for Polychlorinated Biphenyls. Environ. Sci. Technol. 44, 7037-7042. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Page 176 of 196 
 
Appendix 3. Supporting Information for Chapter 4 
 
Monomer-micelle behaviour of an anionic-nonionic surfactant mixture and 
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S1 Surfactant sample preparation for analysis 
Sample extraction followed the protocol by Haftka et al. (2015). The equilibrated fibres were 
taken out of the surfactant solution after equilibrium was reached, gently cleaned with a wet 
lint-free tissue and subsequently desorbed in a methanol-water mixture (80:20 
methanol:water v/v) containing 10 mM ammonium acetate. Aliquots from the water phase 
were reconstituted to the same mobile phase composition used in the liquid 
chromatographic analysis (SI- section S3 below). The fibre extracts were placed onto an 
orbital shaker to allow desorption of the surfactants from the fibre. Both fibre and water 
samples were stored in the fridge prior to analysis and subsequently stored at -20 °C. The 
pH of the water phase was measured after the experiments were completed. 
C12-2-LAS partitioning to PDMS 
To determine whether C12-2-LAS partitions to PDMS, we used an equilibrium batch system 
to establish the percentage of C12-2-LAS partitioned to PDMS fibres at equilibrium. The 
experimental set up and sample analysis followed the description in the main paper, Section 
2.2. KPDMSw values presented in Table S1 were calculated as the ratio of the measured 
concentrations in PDMS and the water phase, for each time point. 
Table S1: Partitioning of C12-2-LAS to PDMS was monitored for 4 days and the 
concentration in the exposed PDMS was quantified after the respective exposure times (n 
= 3 per time point). 
Sample  KPDMSw % of  C12-2-LAS in PDMS 
4 hours 0.0687 0.011% 
8 hours 0.0632 0.010% 
12 hours 0.0546 0.009% 
24 hours 0.0922 0.014% 
36 hours 0.0887 0.014% 
48 hours 0.0838 0.013% 
60 hours 0.0897 0.014% 
72 hours 0.0665 0.010% 
98 hours 0.0575 0.009% 
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 Figure S1: C12EO4 concentrations in PDMS after consecutive exposure times to 16 µM 
C12EO4 solution. Error bars represent standard deviation (n= 3). Equilibrium was assumed 
to have been reached within 24 hours. 
 
S2 SHOC partitioning to single surfactants and their mixtures  
One or two cm fibres (0.39 or 0.79 µl PDMS, respectively), depending on the expected 
depletion, e.g. between 20-80% from the loaded fibres to the surfactant solutions (Mayer et 
al., 2000), were submerged in a loading solution as described in the main text. Loaded fibres 
were taken out of the loading solution, placed on a lint-free tissue and immediately 
separated. Subsequently, a subset of loaded fibres was extracted in 270 µL n-hexane (n= 
14 for both 1 or 2 cm fibres) to determine the initial SHOC mass loaded to fibres. Following 
the depletion procedure described in Schacht et al. (2016), the remaining loaded fibres were 
transferred into 360 µl inserts filled to maximum volume with surfactant solution. Partitioning 
vials were left on an orbital shaker in an incubator (100 rpm, 25 ±1°C, in the dark) for either 
13 days for 276, 717, 208 and 212 µM C12EO4, C12-2-LAS, 83:17 C12EO4: C12-2-LAS or 
33:66 C12EO4: C12-2-LAS and for 19 days for all other surfactant concentrations to ensure 
equilibration was reached. All partitioning experiments were carried out with five replicates 
for each surfactant concentration and time point. Depleted PDMS fibres were rinsed with 
MilliQ water and dried on a lint-free tissue. Dried fibres were extracted for 24 hours on an 
orbital shaker in 270 µL hexane.  
 
Although C12EO4 partitions to PDMS, the size of the test system was optimized to ensure 
small, but measurable, depletion of C12EO4 from the aqueous phase (see main text Section 
Page 179 of 196 
 
2.2). Thus, the ratio of total surfactant concentrations of C12EO4: C12-2-LAS in the aqueous 
phase was assumed to be the same as in the initial surfactant solution (83:17 or 33:67). It 
was also assumed that, as reported in previous studies, the partitioning of C12EO4 to the 
PDMS fibre did not impact partitioning of SHOCs to the same polymer (Schacht et al., 2016). 
 
Table S2: Surfactant concentration range for single surfactant partitioning as well as single 
constituent concentrations making up combined the surfactant mixture concentration.    
 
S3 Instrumental analysis, GC-HRMS  
Samples were concentrated to near dryness and reconstituted in 20 µL toluene containing 
the quantification standards 1,2,3,4,7,8,9-HpCDD (300 pg µL-1) and PCB118 (200 pg µL-1) 
for PCDDs and PCBs, respectively.  
PCDDs and PCBs were analysed on a high resolution GC-MS (GC-HRMS; Thermo DFS) 
and quantified with TargetQuan3 software (Thermo Fisher Scientific Inc. Waltham, USA). A 
sample volume of 1.6 µL was injected in a splitless injector heated to 290°C. 
Chromatographic separation was achieved on a Gas Chromatograph (Thermo Scientific 
Trace 1300) equipped with a DB-5-MS column (30 m × 0.25 mm i.d.) (Agilent Technologies, 
Santa Clara, USA). Oven temperature was held at 100°C for 1 min followed by a first 
temperature ramp of 40°C min-1 to 200°C followed by a 3°C min-1 ramp to 235°C. 
Subsequently, a 5°C min-1 temperature ramp to 300°C followed by a 1.2 min hold. Carrier 
gas flow was at 1.1 mL min-1 (helium). Detection was achieved in multiple ion-monitoring 
mode. Mass spectrometry was performed on a high resolution mass spectrometer (Thermo 
Stock solution
uM
C12EO4 690 276 207 138 28 21 14 7
C12-2-LAS 1435 717 287 215 29 22 14 7
17: 83 C12EO4: C12-2-LAS 3307 2480 1654 827 331 248 165 83 33 25 17 8.3 3.3
17 C12EO4 2848 2136 1424 712 285 214 142 71 28 21 14 7.1 2.8
83 C12-2-LAS 460 345 230 115 46 34 23 11 4.6 3.4 2.3 1.1 0.5
33: 67 C12EO4: C12-2-LAS 2351 1763 1176 588 235 176 118 59 24 18 12 5.9 2.4
33 C12EO4 916 687 458 229 92 69 46 23 9.2 6.9 4.6 2.3 0.9
67 C12-2-LAS 1435 1076 717 359 143 108 72 36 14 11 7.2 3.6 1.4
50: 50 C12EO4: C12-2-LAS 2800 2110 1400 700 280 210 140 70 28 20 14 7.0 3.0
50 C12EO4 1379 1034 690 345 138 103 69 34 14 10 6.9 3.4 1.4
50 C12-2-LAS 1435 1076 717 359 143 108 72 36 14 11 7.2 3.6 1.4
67: 33 C12EO4: C12-2-LAS 2792 2094 1396 698 279 209 140 70 28 21 14 7.0 2.8
67 C12EO4 1839 1379 919 460 184 138 92 46 18 14 9.2 4.6 1.8
33 C12-2-LAS 953 715 477 238 95 71 48 24 9.5 7.1 4.8 2.4 1.0
83: 17 C12EO4: C12-2-LAS 2773 2080 1387 693 277 208 139 69 28 21 14 6.9 2.8
83 C12EO4 2295 1722 1148 574 230 172 115 57 23 17 11 5.7 2.3
17 C12-2-LAS 478 359 239 120 48 36 24 12 4.8 3.6 2.4 1.2 0.5
dilution
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Scientific DFS) operated in electron impact (EI) mode at mass resolution R ≥ 10,000 for 
PCDDs and PCBs. Ionisation energy was 70 eV and ion source temperature 270 °C.  
PCDD peak areas were recorded and normalized to the peak area of the internal standard 
(1,2,3,4,7,8,9-HpCDF) for quantification. Calibration curves were established for a 
concentration range of 1-50 pg µL-1 with external standards including 1,2,3,4,7,8,9-HpCDF. 
The PCB concentrations were quantified with PCB-118 as internal standard and the 
concentration range for the external standards was 1-100 pg µL-1. The GC-HRMS 
performance was tested every 5 to 6 samples by injecting a quality assurance standard 
comprising either the PCB or PCDD mixture and relevant quantification standard at 25 and 
37 pg µL-1. 
 
Table S3: Partition coefficients for individual C12EO4 or in mixtures with HA (linear fitted 
sorption isotherms, log KPA-aqueous phase) and Freundlich fitted sorption coefficients (log Kf) for 
C12-2-LAS and in mixtures with HA, R2 indicates how well the real data points fit the 
regression line, nonlinearity exponent (N). 
 
 
 
log KPA-aqueous phase R
2
individual C12EO4 3.47 0.88
C12EO4 - low HA 3.09 0.99
C12EO4 - high HA 2.82 1.00
log Kf R
2 N
individual C12-2-LAS 2.36 0.76 0.7
C12-2-LAS - low HA 2.61 0.91 0.5
C12-2-LAS - high HA 2.06 0.99 0.6
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 Figure S2: Combined mixture CMC determined via surface tension measurements for the 
different C12EO4: C12-2-LAS mole fractions. 
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Figure S3: % stoichiometric vs. measured aqueous monomer concentrations when micelles 
are forming for the different C12EO4: C12-2-LAS mixture ratios determined (A) with PA for 
both co-surfactants and (B) with PDMS for C12EO4. 
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Section S4 SHOC partitioning to individual surfactant micelles – KMI 
For PCDDs and PCBs with similar hydrophobicity, log KMI values were almost identical in 
both surfactant systems (see below), which is consistent with the predominantly van der 
Waals interactions of these two compound classes with surfactant micelles. Log KMI 
increased linearly with increasing log KOW for both PCBs (log KMI = 0.69 log KOW + 2.47, r2 = 
0.95; log KMI = 0.80 log KOW + 0.96, r2 = 0.98) and PCDDs (log KMI = 0.79 log KOW + 1.56, r2 
= 0.87; log KMI = 0.70 log KOW + 1.54, r2 = 0.98) for C12EO4 and C12-2 LAS respectively. 
These relationships are comparable to those reported for polar and moderately hydrophobic 
compounds based on measured data. However, a comparison is difficult as for LAS only 
very limited published data is available (Chiou et al., 1991; Wang and Keller, 2009) and the 
comparability is limited as the studies used commercial LAS, which contains a mixture of 
different LAS isomers, e.g. LAS molecules with different chain length and branching.  
The partitioning constants to C12EO4 for all contaminants were about 0.7 log units higher for 
PCDDs (PnCDD 0.35 log units) and for PCBs 0.6 to 0.9 log units compared to C12-2-LAS. 
Nonionic surfactants have been reported to have a higher sorptive capacity and lower 
CMCs, however contaminant partitioning data for C12EO4 is scarce and reported HOC 
partitioning data is to commercial nonionic surfactant formulations, e.g. Brij 30 with C12EO4 
as the main constituent. Jafvert et al. (1994) performed partitioning experiments to Brij 30 
for PAHs and their data are consistent with our PCB and PCDD values (Figure S5). The 
data set published for mostly the same PAHs by (Edwards et al., 1991) to Brij 30 show 
significant higher KMI values (Figure S5), which might be attributed to methanol added to the 
surfactant solution to spike the PAHs.  
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 Figure S4: Log KMI for PCDDs and PCBs in either C12EO4 or C12-2-LAS solution in 
comparison with literature data. C12EO4 is the main component in the Brij 30 surfactant 
mixture, commercial LAS is a mixture of different linear LAS components.   
 
Section S5 Conversion KMI/MImix (L kg-1) to Kmc,mc-mix (mole fraction) 
We convert KMI expressed as a concentration to the dimensionless Kmc expressed in mole 
fraction. Kmc (mole fraction) =  KMI  �conc, e. g. mol Kg−1  mol L−1 � ∗ Msurfactant (Kg mol−1)Vw (L mol−1) )      
KMI is the partition constant between surfactant micelles and water expressed as a 
concentration. Msurfactant is the molar mass of the respective surfactant, or surfactant mixture. 
Molecular weights for C12EO4 and C12-2-LAS are very similar, e.g. 362 or 348 g mol-1, 
respectively, therefore we used a weighted mean depending on the mixture composition to 
estimate the molar mass in the micellar phase. Vw, molar volume of water.  
 
Page 185 of 196 
 
  
Figure S5: Empirical parameter, B, for PCDDs and PCBs in C12EO4: C12-2-LAS mixtures. 
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Appendix 4. Supporting Information for Chapter 5 
 
Behaviour of surfactant-humic acid mixtures and quantification of PCB and PCDD 
partitioning to their mixed micelles  
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Table S1: Dilution series for individual C12EO4 or C12-2-LAS as well as in their 33: 66 
mixture. HA concentrations (denoted as either low or high) were kept constant in mixtures 
with the individual surfactants or the ternary mixture.  
 
 
 
 
S1 Surfactant sample preparation for analysis 
Sample extraction followed the protocol by Haftka et al. (2015). The equilibrated fibres were 
taken out of the surfactant solution after equilibrium was reached, gently cleaned with a wet 
lint-free tissue and subsequently desorbed in a methanol-water mixture (80:20 
methanol:water v/v) containing 10 mM ammonium acetate. The extraction vials were placed 
onto an orbital shaker to allow desorption of the surfactants from the polymer coating. The 
extracts were stored in the fridge prior to analysis and subsequently stored at -20 °C. The 
pH of the water phase was measured after the experiments were completed before 
extraction. 
 
 
 
 
 
 
 
Stock solution
uM
C12EO4 552 414 276 207 138 28 21 14 6.9
low HA 757 757 757 757 757 757 757 757 757
high HA 1735 1735 1735 1735 1735 1735 1735 1735 1735
C12-2-LAS 1435 1148 717 287 215 29 22 14 7.2
low HA 757 757 757 757 757 757 757 757 757
high HA 1735 1735 1735 1735 1735 1735 1735 1735 1735
33: 67 C12EO4: C12-2-LAS 2829 2122 1415 707 424 283 212 141 71 28 21 14 7 3
33 C12EO4 916 687 458 229 137 92 69 46 23 9.2 6.9 4.6 2.3 0.9
67 C12-2-LAS 1913 1435 956 478 287 191 143 96 48 19 14 9.6 4.8 1.9
low HA 757 757 757 757 757 757 757 757 757 757 757 757 757 757
high HA 1735 1735 1735 1735 1735 1735 1735 1735 1735 1735 1735 1735 1735 1735
dilution
Page 189 of 196 
 
S2 Partitioning constants between water and DOC for SHOCs 
The partitioning of the SHOCs between the dissolved organic carbon and water is defined 
as the concentration ratio of the SHOCs in the dissolved carbon (CDOC) and water (CW). 
Based on the mass balance assumption the system can be divided into compartments and 
related to the mass of SHOCs in the PDMS, initially and at equilibrium. These can in turn be 
related to the volumes, masses and partitioning constants of the water, humic acid and 
polymer phases as shown in equation (S1). 
 
𝐾𝐾𝑃𝑃𝐷𝐷𝐶𝐶 = 𝑉𝑉𝑊𝑊𝑃𝑃𝐷𝐷𝐷𝐷𝐷𝐷 � 𝑃𝑃𝑎𝑎𝑎𝑎 𝑃𝑃𝑃𝑃𝐷𝐷𝑀𝑀𝑆𝑆,𝑒𝑒𝑎𝑎 . 𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑉𝑉𝑊𝑊  .𝐾𝐾𝑃𝑃𝑃𝑃𝑃𝑃𝑆𝑆𝑤𝑤 − 1� (S1) 
 
where MPDMS,t=0 is the mass of SHOC initially loaded into the PDMS (and represents the total 
mass in the system). At equilibrium, MPDMS,eq, MW and MDOC are the  remaining masses in 
the PDMS, water (determined via KPDMSw (Grant et al., 2016)) and humic acid, respectively.  
The polymer depletion method recently described in Schacht et al. (2016) was used to 
determine the SHOC partition constants between water and HA. In brief, SHOCs were 
loaded to 2 cm PDMS fibres via a solvent swelling method (Schacht et al., 2016). 20 mL 
silanized glass vials were filled to maximum volume with HA solutions and five SHOC loaded 
fibres (3.95 µl PDMS) were added to each vial. Five or six HA solutions in MilliQ water 
ranging from 19.5 to 279 mg L-1 or 40 to 280 mg L-1 for PCDD or PCB depletion, respectively, 
were prepared and amended with 20 mg L-1 of sodium azide to reduce biodegradation (Filip 
and Tesařová, 2004). Solutions were adjusted to a pH of 7 by the addition of hydrochloric 
acid or sodium hydroxide dissolved in MilliQ-water and maintained a pH of 6.4-7.7 over the 
duration of the experiment. Further details regarding PDMS extraction are given in Section 
S2. 
To monitor degradation of the humic acid solution throughout the experiment, aliquots of 1 
mL of humic acid solutions were taken and placed into cleaned quartz cuvettes. The 
absorbance was measured on a spectrophotometer (Cary Series UV-Vis 
Spectrophotometer Agilent Technologies) at 254 nm. Humic acid solution standards were 
prepared (as detailed above). A five point calibration curve was prepared ranging from 5-
1,000 mg L-1. Quality assurance standards at 100 mg L-1 were run every 5 samples. The 
concentration of the humic acid aliquots were calculated from the calibration curve to ensure 
the variability over the experiment in humic acid absorption response was less than 5% of 
the original value.  
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 Time to equilibrium for SHOC partitioning to DOC
 
Figure S1: PCDD (A) or PCB (B) concentrations in PDMS after consecutive exposure times 
to 215 mg L-1 DOC. SHOC concentrations in PDMS over time were fitted with an exponential 
decay curve, using GraphPad Prism v6.1.  
 
S3 Detail for SHOC partitioning in surfactant-HA mixtures and DOC   
One or two cm fibres (0.39 or 0.79 µl PDMS, respectively), depending on the expected 
depletion, e.g. between 20-80% from the loaded fibres to the surfactant solutions (Mayer et 
al., 2000), were submerged in a loading solution as described in the main text. Loaded fibres 
were taken out of the loading solution, placed on a lint-free tissue and immediately 
separated. Subsequently, a subset of loaded fibres was extracted in 270 µL n-hexane (n= 
10 for both 1 or 2 cm fibres for mixture experiments and n=6 for KDOC quantification) to 
determine the initial SHOC mass loaded to fibres. Following the depletion procedure 
described in Schacht et al. (2016), the remaining loaded fibres were transferred into 360 µl 
inserts filled to maximum volume with surfactant solution. Partitioning vials were left on an 
orbital shaker in an incubator (100 rpm, 25 ±1°C, in the dark) for either 28 days for 207, 287 
and 212 µM C12EO4, C12-2-LAS or 33:67 C12EO4: C12-2-LAS surfactant concentrations or 35 
days for all other solution combinations to ensure equilibration was reached (for DOC see 
above Figure S1). All partitioning experiments were carried out with five replicates for each 
surfactant concentration and time point. Depleted PDMS fibres were rinsed with MilliQ water 
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and dried on a lint-free tissue. Dried fibres were extracted for 24 hours on an orbital shaker 
in 270 µL hexane.  
 
Although C12EO4 partitions to PDMS, the size of the test system was optimized to ensure 
small but detectable depletion of C12EO4 from the aqueous phase (see main text Section 
2.2). Thus, the ratio of total surfactant concentrations of C12EO4: C12-2-LAS in the aqueous 
phase was assumed to be the same as in the initial surfactant solution (33:67). It was also 
assumed that, as reported in previous studies, the partitioning of C12EO4 to the PDMS fibre 
did not impact partitioning of SHOCs to the same polymer (Schacht et al., 2016). 
 
S4 Instrumental analysis, GC-HRMS  
Samples were concentrated to near dryness and reconstituted in 20 µL toluene containing 
the quantification standards 1,2,3,4,7,8,9-HpCDD (300 pg µL-1) and PCB118 (200 pg µL-1) 
for PCDDs and PCBs, respectively.  
PCDDs and PCBs were analysed on a high resolution GC-MS (GC-HRMS; Thermo DFS) 
and quantified with TargetQuan3 software (Thermo Fisher Scientific Inc. Waltham, USA). A 
sample volume of 1.6 µL was injected in a splitless injector heated to 290°C. 
Chromatographic separation was achieved on a Gas Chromatograph (Thermo Scientific 
Trace 1300) equipped with a DB-5-MS column (30 m × 0.25 mm i.d.) (Agilent Technologies, 
Santa Clara, USA). Oven temperature was held at 100°C for 1 min followed by a first 
temperature ramp of 40°C min-1 to 200°C followed by a 3°C min-1 ramp to 235°C. 
Subsequently, a 5°C min-1 temperature ramp to 300°C followed by a 1.2 min hold. Carrier 
gas flow was at 1.1 mL min-1 (helium). Detection was achieved in multiple ion-monitoring 
mode. Mass spectrometry was performed on a high resolution mass spectrometer (Thermo 
Scientific DFS) operated in electron impact (EI) mode at mass resolution R ≥ 10,000 for 
PCDDs and PCBs. Ionisation energy was 70 eV and ion source temperature 270 °C.  
PCDDs peak areas were recorded and normalized to the peak area of the internal standard 
(1,2,3,4,7,8,9-HpCDF) for quantification. Calibration curves were established for a 
concentration range of 1-50 pg µL-1 with external standards including 1,2,3,4,7,8,9-HpCDF. 
The PCB concentrations were quantified with PCB-118 as internal standard and the 
concentration range for the external standards was 1-100 pg µL-1. The GC-HRMS 
performance was tested every 5 to 6 samples by injecting a quality assurance standard 
comprising either the PCB or PCDD mixture and relevant quantification standard at 25 and 
37 pg µL-1. 
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Partitioning constants for PCDDs 
 
Figure S2: PCDD partitioning in binary C12EO4-HA mixtures (A) or C12-2-LAS-HA mixtures 
(B) and ternary C12EO4-C12-2-LAS-HA mixtures (C). Data presented in Chapter 4 for single 
surfactant solutions or co-surfactant mixtures without HA as well as partitioning constants of 
PCDDs to DOC are given for comparison. All partitioning constants are normalised to 
carbon. 
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Partitioning constants for PCBs 
 
 
Figure S3: PCB partitioning in binary C12EO4-HA mixtures (A) or C12-2-LAS-HA mixtures 
(B) and ternary C12EO4-C12-2-LAS-HA mixtures (C). Data presented in Chapter 4 for single 
surfactant solutions or co-surfactant mixtures without HA as well as partitioning constants of 
PCBs to HA are given for comparison. All partitioning constants are normalised to carbon. 
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Figure S4: Apparent solubility enhancement for PCB-182, 204 and 209 (purple bars) in 
C12EO4-low/high HA (A, B), C12-2-LAS-low/high HA (C, D) and the ternary mixture low/high 
HA (E, F) mixtures. For comparison the combined apparent solubility enhancement for the 
respective individual systems, i.e. assuming additive solubilising capacity, are given 
(red/blue bars representing DOC and surfactant, respectively). Error bars are based on 
%RSD.  
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